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PREFACE
This thesis is concerned with experimental studies of 
the emission of photoprotons from heavy nuclei, performed 
with the bremsStrahlung radiation from the Canberra 33 MeV 
electron synchrotron.
Some of the investigations described here have been
performed in collaboration with other workers. The measure-
20 *1 186ments of the photoproton cross sections for Hg and W
186and the photoneutron cross section for W were made in 
collaboration with Dr. J.H. Carver. The measurement of the 
photoproton cross section from tantalum was performed jointly 
with Dr. J.H. Carver and Dr. W. Turchinetz. Dr. Turchinetz 
showed that the H f ^ ^ m and the Ta^^ activities could be 
separated, and Dr. J.H. Carver and I made the measurements 
of the yield curve and analysed the data. The remaining 
experiments were carried out independently.
I am greatly indebted to Dr. J.H. Carver, who has super­
vised most of the investigations, and has given me much 
assistance and helpful advice in the course of this work.
I wish also to acknowledge the help of Dr. D.C. Peaslee 
who supervised the calculations presented in chapter 5 and 
Appendices III and IV.
(ii)
I am also indebted to Mir. A. Bull and Mr. J. Gower for 
their assistance in running and maintaining the electron 
synchrotron.
I wish to thank the Australian National University for 
the award of a scholarship, during the tenure of which these 
studies were carried out.
Some of the work described in this Thesis has been
reported in the following publications:
i) Photoprotons from Cs and I
Nuclear Phys. 19. 453 (1960)
ii) Photoprotons from Tantalum (with Dr. J.H. Carver 
and Dr. W. Turchinetz)
Australian Journal of Physics 617 (i960)
iii) Three Quantum Transitions in Heavy Nuclei (with 
Dr. J.H. Carver and Dr. D.C. Peaslee)
(to be submitted)
No part of this Thesis has been submitted for a degree
at any other University.
(iii)
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CHAPTER 1
INTRODUCTION
1.1 Introduction
In 1934 Chadwick and Goldhaber (Ch35) disintegrated the
deuteron using the 2.6 MeV gamma rays from ThC". This was
9followed by the disintegration of Be by Szilard and Chalmers 
(3z34). The early work was limited to using gamma rays from 
naturally occurring radioactive sources and it was not until high 
energy electron accelerators were developed that it became 
possible to investigate the systematics of nuclear photodisin­
tegrations. The problem of accurately determining photonuclear 
cross sections is complicated by the use of bremsstrahlung 
radiation which makes the data much more difficult to interpret 
than the data obtained using monochromatic gamma rays. However, 
recent improvements in the energy stability of electron acceler­
ators, now reported as low as 5 keV (Go54), together with better 
knowledge of the bremsstrahlung spectrum, have made it possible 
to measure photonuclear cross sections with greater accuracy.
Also the problem of producing a monochromatic variable energy Y-ray 
is being investigated (Mi59) and the results are encouraging.
A recent measurement (Se60) produced cross sections which were 
very similar to other results obtained by using the conventional 
bremsstrahlung radiation. With the advent of suitable monochromatic 
gamma rays it will be possible to make a detailed investigation of
the region above the giant resonance, where at present any 
resonance structure is masked by the yield from the giant 
resonance.
The theoretical. approach to nuclear photodisintegration 
has been analogous to that of the atomic photoeffect and it has 
been possible to explain the main features (of the nuclear photo­
effect) by using non-relativistic wave functions. Although it has 
been realised that meson fields must play a part in the explanations, 
Siegert (Si37) has shown that they can be ignored in the giant 
resonance. At high energies it is no longer possible to use non- 
relativistic wave functions and here a different approach must be 
made to the problem. So far the theoretical predictions have been 
limited to the gross features, such as the position of the giant 
resonance, its width, magnitude and, in the case of deformed nuclei, 
the splitting of the giant resonance.
The remainder of this chapter gives a brief outline of the 
present state of photodisintegration theory and how it fits the 
experimental facts. The discussion deals mainly with the medium 
and heavy nuclei and with photon energies below the meson threshold. 
1.2 The Giant Resonance Region
The main feature of the absorption of gamma rays by nuclei is 
the existence of a giant resonance, the position of which is about 
20 MeV for light nuclei decreasing to 14 MeV for the heavy nuclei. 
Calculations by Bethe and Levinger (Le50) showed that the integrated
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c ro s s  s e c t io n  fo r  th e  g ia n t  re so n an ce  n e a r ly  e x h au s ts  th e  e l e c t r i c  
d ip o le  sum r u l e .  T h e ir  c a lc u la t io n  gave th e  w e ll known r e s u l t :
where x i s  th e  f r a c t i o n  o f  exchange f o r c e .  I t  was th e  good agreem ent 
betw een th e  e x p e rim e n ta l in te g r a te d  c ro s s  s e c t io n s  and th e  sum r u l e ,  
t h a t  gave r i s e  to  th e  g e n e ra l ly  a c c e p te d  h y p o th e s is  t h a t  th e  g ia n t  
reso n an ce  i s  p red o m in an tly  d ip o le  in  c h a r a c te r .
A lthough i t  has been shown t h a t  e l e c t r i c  d ip o le  a b s o rp tio n  acc o u n ts  
f o r  most o f th e  a b s o rp tio n  c ro s s  s e c t io n  th e  p o s s i b i l i t y  o f o th e r  
modes o f a b s o rp tio n  cannot be ig n o re d . The most im p o rtan t o f  th e s e  
a re  th e  m agnetic  d ip o le  and e l e c t r i c  q u ad ru p o le . S im ila r  sum r u le s  
to  th e  E1 sum r u le  g iven  above have been  c a lc u la te d  f o r  th e s e  o th e r  
ty p e s  o f t r a n s i t i o n s  (Le50 , Kh57)* The c a l c u la t io n s  which show th a t  
bo th  th e  E2 and M1 t r a n s i t i o n s  a r e  sm all compared w ith  th e  E1 
t r a n s i t i o n s  a r e ,  how ever, model dependen t and th e  a cc u racy  i s  
th e re fo re  l e s s  th a n  th e  E1 sum r u l e  which i s  model in d ep en d en t i f  
exchange fo r c e s  a re  ig n o re d . E x p e rim e n ta lly  th e  E2 t r a n s i t i o n s  can 
be d e te c te d  by m easuring  a n g u la r  d i s t r i b u t i o n s  o f p h o to n u c leo n s .
A m ix tu re  o f  E1 and E2 t r a n s i t i o n s  le a d s  to  an in te r f e r e n c e  te rm  
in  th e  a n g u la r  d i s t r i b u t i o n  and in s te a d  o f m easu ring  an (a+b sin^O ) 
d i s t r i b u t i o n  from  a  pu re  E1 t r a n s i t i o n  th e  a n g u la r  d i s t r i b u t i o n  w i l l  
be (a+b s in  ©(1+p co sO )), where p i s  a  m easure o f th e  r e l a t i v e  
s t r e n g th s  o f  th e  E1 and E2 t r a n s i t i o n s .  The r e s u l t s  o f B arb e r e t  a l .  
(Ba60) show an assym m etry in  th e  em iss io n  o f  h ig h  energy  p h o to p ro to n s
(1 + 0 .8x)
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indicating the presence of E2 transitions. One does not expect 
to find E2 transitions contributing to photoneutrons because the
is more difficult because the angular distribution of the emitted 
nucleons is similar to that from an E1 absorption.
It has been found that the width of the giant resonance, which 
is normally 6 or 7 MeV, is narrower for nuclei with magic numbers 
of protons or neutrons. Okamoto (Ok58) and Danos (Da58) showed 
that the width was associated with the amount of deformation in 
the nucleus, the wider resonances occurring in deformed nuclei 
and the narrow in the spherical nuclei.
Most of the knowledge of the absorption cross sections has 
been obtained from the study of the partial cross sections (e.g* (Y,n), 
(Y,p), (Y,2n), (Y,Y*) )> which make up the absorption cross section. 
These cross sections are usually measured by detecting the emitted 
nucleons or by measuring a residual activity. It is possible to 
make direct measurements of the total absorption cross section 
(Ko55> E>u59, Mi59); but these are more difficult than measurements 
of the partial cross sections because the nuclear cross section is 
only about 1 of the atomic absorption cross section.
Various models have been proposed to explain the giant resonance 
phenomena and these can be divided into two main types; the collective 
models and the shell or independent particle models (i.P.M.).
The detection of M1 transitions
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1.2.1 The Collective Model
The first model proposed to explain the giant resonance was 
suggested by Goldhaber and Teller (Go48), who postulated an ordered 
dipole vibration of the nucleus. It was assumed that the photons 
excited a motion in which the bulk of the protons move relative to 
the neutrons. Goldhaber and Teller showed that if the neutrons and 
protons were considered as two incompressable but interpenetrating 
fluids, the frequency (i.e. energy) of the vibration was proportional 
to A“3. This was in reasonable agreement with the experimental 
results. This simple classical model could not however predict 
the width of the giant resonance and the observed widths were 
attributed to the transfer of energy from the simple dipole oscillation 
to other collective motions.
An important feature of this model was that it predicted that 
the giant resonance for deformed nuclei should actually be two 
resonances. The energies of the two resonances should be inversely 
proportional to the major and minor axes. Although these two 
resonances are smeared over several MeV it should be possible to 
separate them for very deformed nuclei. This prediction has now 
been substantiated experimentally and the giant resonance has been 
split for several nuclei (Fu58, Pa59).
There are other types of collective models which have been 
examined (St50, Da52, Je48) and whose basic assumptions are the 
same as the model just considered, although some details differ slightly.
-  6 -
These models, which s u c c e ss fu lly  account fo r  the  a b so rp tio n  of 
pho to n s , are no t s u f f i c i e n t ly  d e ta i le d  to  p re d ic t  nucleon  em ission . 
I t  i s  g e n e ra lly  assumed th a t  the o rdered  v ib ra t io n  induced by th e  
photon a b so rp tio n  i s  broken up by in te r-n u c le o n  c o l l i s io n s ,  le ad in g  
to  the  fo rm ation  and subsequent decay of a compound n u c leu s . How­
ever H irz e l and W affler (Hi47) showed th a t  the em ission  of photo­
p ro to n s  from heavy n u c le i  was n o t c o n s is te n t  w ith  the  fo rm ation  of 
a  compound n u c leu s . U n fo rtu n a te ly  th e re  does n o t appear to  be any 
mechanism in  th e  c o l le c t iv e  models to  a llow  f o r  a ’’d i r e c t"  em ission 
o f n u c leo n s.*
1 .2 .2  The Independent P a r t ic le  Models
Because of th e  f a i lu r e  of th e  c o l le c t iv e  models to  ex p la in  the  
em ission  of pho topro tons in  heavy n u c le i ,  Courant (Co5l) and 
W ilkinson (Wi56) suggested  models which le d  to  th e  d i r e c t  em ission  
o f n u c leo n s, w ithou t p ass in g  th rough a compound nuc leus s ta g e . In  
th e se  models the  photon i s  absorbed by r a is in g  a nucleon  from i t s  
ground s ta t e  to  an. e x c ite d  s ta t e  by means of an E1 t r a n s i t i o n .  The 
e x c ite d  nucleon may th en  be em itted  d i r e c t ly  o r absorbed  by th e  
nuc leus to  form a compound n u c leu s . Although th e  p r o b a b i l i ty  o f 
a  p ro to n  being  em itted  d i r e c t ly  may only  be se v e ra l p e rc e n t, i t  
i s  s u f f i c i e n t  to  account fo r  the  measured p ro ton  y ie ld s .
W ilkinson has gone fu r th e r  than  Courant and has used the  I.P .M . 
to  g iv e  a  complete d e s c r ip t io n  o f th e  n u c le a r  p h o to e ffe c t. The
* But see 1 .2 .3  where i t  i s  shown th a t  th e re  may be a  l in k  between 
th e  c o l le c t iv e  model and th e  I.P .M .
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Wilkinson model pictures the giant resonance as the clustering 
of a few enhanced transitions, rather than a greater density of 
states at the peak. He shows that the sum of all the E1 transitions 
effectively exhausts the dipole sum rule, which was shown to be a 
requirement of any model (see 1.2). Wilkinson (Wi58) has also 
investigated the effect of deformed nuclei and has shown that his 
model predicts large widths of the giant resonance for deformed 
nuclei, with eventual splitting of the giant resonance for very 
deformed nuclei.
Although the Wilkinson model can satisfactorily explain most 
of the observed features of the giant resonance as well as enhancing 
proton emission, there is one feature of the model which is unsatis­
factory. This objection is the use of an effective mass fei) to 
explain the position of the giant resonance. Calculations based 
on the correct nucleon mass would put the position of the giant 
resonance at approximately half the experimentally measured energy. 
Although there are theoretical reasons (We57) to support the use 
of an effective mass equal to a half, it is not clear that these 
are valid*. Also recent (d,p) experiments (C06O) would indicate 
that the single particle transitions, which are responsible for the 
giant resonance, have energies consistent with the use of the true 
nucleon mass.
* The theoretical calculations used to obtain nr% a = i are based on 
an infinite mass and it is assumed that the calculations are valid 
for finite mass. However it is not obvious that surface effects 
do not play an important part (La58).
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Attempts to overcome this problem of the level spacings for 
E1 transitions and the position of the giant resonance have recently 
been made by Brown and Bolsterli (Br59) Carver and Peaslee (Ca60). 
They have considered the possibility of particle-hole interactions 
and Carver and Peaslee show that the position of the giant resonance 
can be expressed in the form:
Em^(40A-i+7.5) MeV
The first term equals the single-particle spacing for ordinary
m ^forces and an effective mass — ss1. The second term, which ism
peculiar to the E1 mode of excitation, is the approximately constant 
(A-independent) shift produced by exchange forces. This model is 
discussed further in chapter 5» where the implications of the model 
are considered.
1.2.3 Relation between the Collective Models and the I.P.M.
The fact that both the I.P.M. and the collective models success­
fully predict the main features of the giant resonance, suggests 
that there should be some link between them. Brink (Br57) has in 
fact found that in the special case of a simple harmonic oscillator 
potential, the two types of models are identical*. He showed that 
the raising of a nucleon by an E1 transition was identical with dis­
placing the centre of mass of all the protons relative to the centre 
of mass of the neutrons.
* To compare the Carver-Peaslee calculations it is necessary to remove 
the exchange potential term, because the collective models are 
classical models without exchange potential effects.
If UBR*HY V\
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This exact equivalence disappears if the harmonic oscillator 
potential is altered; but it is not expected that the use of a 
more realistic potential would completely destroy the similarities.
It should be possible to predict the direct emission of nucleons 
from the collective model but it is not clear how this could or 
should be done. The fact that the I.P.M. have been more success­
ful than the collective models stems from the fact that they are 
much more detailed models and therefore should be able to predict 
the fine details as well as the gross structure.
1.3 Above the Giant Resonance
In the region just above the giant resonance it is still possible 
to explain the large measured cross sections in terms of single 
particle transitions, similar to those which contributed to the 
giant resonance. However for energies well above the giant resonance 
it has been found (Le5l) that the absorption was more satisfactorily 
explained in terms of a quasi-deuteron model. This model predicts 
that the absorption.of the photon will be followed by the emission 
of a proton and a neutron in opposite directions and this has been 
borne out experimentally (Od56). The model does not exclude the 
absorption of one or both of these nucleons in the nucleus leading 
to a compound nucleus formation.
In recent years there have been some detailed investigations 
(Fe57> Au 59) made of the region 20-30 MeV, using fast neutron 
detectors to search for higher resonances. The results of these
10
in v e s t ig a t io n s  a re  c o n f l ic t in g ,  which i s  n o t s u rp r is in g , a s  i t  is  
d i f f i c u l t  to  make a cc u ra te  c ro ss  s e c tio n  measurements above th e  
g ia n t resonance u sin g  brems S trah lung  r a d ia t io n .  F e rre ro  e t  a l .  
found evidence of a  second resonance a t  about 24 MeV in  fo u r  out 
o f tw enty-one n u c le i ,  w hile  A ull e t  a l .  d id  n o t f in d  any h ig h e r 
resonances even in  th o se  n u c le i  in  which F e rre ro  found them. Even 
i f  th e re  were a second resonance in  the  re g io n  o f 24 MeV, as 
suggested  by the  C arver-P easlee  c a lc u la t io n  (see  5« 4  ) ,  i t  i s  
d o u b tfu l w hether i t  would be re so lv a b le  excep t perhaps in  a 
s p h e r ic a l n u c leu s . The complete so lu tio n  o f the  problems a sso c ia te d  
w ith  the  a b so rp tio n  of gamma ray s  above the  g ia n t  resonance i s  l ik e ly  
to  have to  w a it u n t i l  measurements are made u s in g  monochromatic gamma 
ra y s . However, i t  w il l  be shown h e re  how c e r ta in  a sp e c ts  o f the 
ab so rp tio n  p rocess in  th i s  reg io n  can be s tu d ie d  by m easuring photo­
p ro tons from m iddle and heavy w eight n u c le i  
1 .4  The In v erse  R eaction
A la rg e  amount o f in fo rm atio n  about p h o to d is in te g ra tio n  p ro cesses  
can be o b ta ined  by s tu d y in g  th e  in v e rse  r e a c t io n  (p,Y)* To do t h i s ,  
u se  i s  made of the r e c ip r o c i ty  th eo ry , which s ta t e s  th a t  f o r  any 
r e a c t io n
a + A b + B + Q
where I  i s  the  an g u lar momentum and p^ and p^ a re  th e  momenta o f 
th e  p a r t i c l e s  (o r  Y -rays) a  and b . The use o f th i s  r e l a t i o n  i s
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l im ite d  to  s tudy ing  re a c tio n s  where A and B a re  in  the ground s ta t e  
which, in  the  case o f (Y,p) r e a c t io n s ,  form only  a sm all f r a c t io n  
of the  r e a c t io n  c ro ss  s e c tio n . However, th e  in v e rse  r e a c t io n  (p,Y) 
can s t i l l  p rov ide  d e ta i l s  of the  a b so rp tio n  c ro ss  s e c tio n  which 
cannot be o b ta in ed  from th e  (Y,p) r e a c t io n .
One of th e  main u ses  of the  in v e rse  p ro cess  (p,Y) i s  to  in v e s t i ­
g a te  th e  f in e  s t ru c tu re  in  the  g ia n t resonance . This can be p e r­
formed more s a t i s f a c t o r i l y  th an  by u s in g  th e  (Y,p ) ,(Y ,/ j) r e a c t io n  
because of th e  h ig h e r r e s o lu t io n  o b ta in a b le  on the  ingo ing  p ro to n .
I t  a lso  p ro v id es  in fo rm atio n  on th e  r a d ia t io n  w idths f y  which cannot 
be a c c u ra te ly  determ ined from p h o to d is in te g ra tio n  measurements but 
a re  g e n e ra lly  assumed to  be sm all compared w ith  p a r t i c l e  w id ths , f*p.
The comparison of the (p,Y) and (Y ,p) re a c tio n s  in  l i g h t  n u c le i ,  
where i t  i s  p o ss ib le  to  see some s tru c tu re  in  the  (Y,p) r e s u l t s ,  
shows v e ry  good agreement bo th  fo r  the energy of th e  resonances and 
the  magnitude of th e  c ro ss  s e c tio n  (Ge59> Co59j Gr59)» The m easure­
ments o f th e  r a d ia t io n  w idths fo r  the resonances in  the  g ia n t  resonance 
re g io n  a re  about 10 kev which a re  in  q u a l i t a t iv e  agreement w ith  the 
s h e l l  model p re d ic tio n s  o f E l l i o t t  and Flow ers (E l57)«
I t  can be seen from th e se  p re lim in a ry  (p,Y) measurements th a t  
in  c e r ta in  l i ^ i t  n u c le i ,  f in e  s t ru c tu re  should be observab le  in  the 
co rrespond ing  (Y>p) r e a c t io n  and th a t  the  p o s s ib i l i t y  o f u s in g  the  
(p,Y) measurements to  supplem ent the  (y »p ) measurements should  no t 
be ig n o red . So f a r  the e x c i ta t io n  of n u c le i  in  the g ia n t resonance 
re g io n  by (p,Y) re a c t io n s  has been l im ite d  to  the  l i g h t  n u c le i .
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1.5 Conclusions
It would now appear possible to give a complete explanation 
of the photonuclear effect for photon energies up to 40 MeV by 
using an I.P.M. At present this model is not satisfactory for 
energies higher than 40 MeV and it is necessary to invoke the 
quasi-deuteron model.* This I.P.M. need not be identical with 
the Wilkinson model. In fact it has already been shown where the 
latter conflicts with the experimental results (see 1.2.2). How­
ever, in view of the success of the Wilkinson model, a model based 
essentially on the same lines, with slight modifications to over­
come the present objections, would appear to be the most suitable. 
The Carver-Peaslee calculation (Ca60) was an attempt to overcome 
some of these objections and was successful in explaining the 
position of the giant resonance without invoking an effective mass 
less than 1.
The object of the work described in this thesis was to test the 
I.P.M.s as described by Wilkinson and Carver et al. Since Carver 
and Peaslee in their paper (Ca60) only discussed the position of the 
giant resonance it was necessary to investigate the implication of 
their model to permit other conclusions to be drawn from it. The 
extension of the model to predict photoproton emission is discussed
* The quasi-deuteron model is an I.P.M. but is not a natural 
extension of the I.P.M.s used to explain the giant resonance.
-  1 3  -
in Chapter 5> which also shows the agreement between it and the 
experimental results* Various (Y,p) cross sections were measured 
using the Canberra 35 MeV electron synchrotron (Chapters 2, 3 and 
4) and are discussed in the light of both models* Also measure­
ments were made of photoproton spectra from Cs and I (Chapter 2) 
with the view of testing the various proposed direct photoproton 
emission spectra.
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CHAPTER 2
THE MEASUREMENT OF PHOTOPRQTONS FROM CESIUM ARP IODINE 
USING A THIN C3I SCINTILLATING CRYSTAL
2.1 Introduction
In studies of the yields of photoprotons from heavy nuclei, 
it has been established that the number of protons that are 
emitted are substantially more than would be expected from the 
evaporation of a proton from a compound nucleus (Hi47)» It has 
also been shown that the energy distribution of these protons 
is inconsistent with a compound nucleus theory.
It is now generally accepted that the majority of the 
protons from heavy and middle weight nuclei and also the high 
energy protons from the light nuclei are due to a direct inter­
action. The few efforts that have been made to calculate the 
shape of the photoproton spectra resulting from a direct 
reaction are based on the resonance-direct model proposed by 
Courant (Co5J). Satisfactory calculations using the independent 
particle models cannot be made until there are more reliable 
results regarding energy levels in the nucleus. At present 
there is uncertainty about the position of the protons relative 
to the top of the nuclear potential well. Also it has now been 
proposed that the entire photon energy is not used in raising 
the nucleon from its ground state (Ca6o), the residual energy 
being distributed amongst the remaining nucleons. This leads 
to an uncertainty in the energy of the emitted proton. However,
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several attempts have been made to calculate the shape of the 
photoproton spectrum (Da56, To53) using simplifying assumptions 
and the results give reasonable agreement with experimental 
results on heavy nuclei, but are in error for the region 
Z = 50-60 (see 2.5.1).
The present experiment was undertaken because there were 
no satisfactory results on the (Y,p) reaction in the region 
Z = 50-60 of the periodic table. Calculations by Wilkinson 
(Wi56) indicate that the yield of photoprotons from these 
nuclei would be mainly due to direct processes, the compound 
nucleus only accounting for a maximum of several percent of 
the yield. The measurements should determine whether the direct 
proton cross sections exhibit a resonance similar to that observed 
in the giant resonance. The independent particle models (Ca60, 
Wi56) predict that it would, although modified by the coulomb 
barrier, and this is supported by the measurement of photo­
protons from Ag (Lo59)*
Another purpose of the experiment was to find out if the
shape of the proton spectra changed markedly with changes in
*the maximum energy of the bremsstrahlung . Any changes would 
be attributed to changes in the relative importance of the E1 
transitions contributing to the (Y,p) cross section.
* Hereafter referred to as the bremsstrahlung energy.
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The purpose  o f choosing  Cs and I  was tw ofold# The p h o to ­
p ro to n s  were e x p ec ted  to  have a  low energ y  c u t o f f  a t  abo u t 
4 MeV and th e r e f o r e  th e r e  was a  p o s s i b i l i t y  o f k eep in g  th e  
e l e c t r o n  background c l e a r  o f  th e  p ro to n  spectrum . A lso i t  
was n e c e s s a ry  to  choose a  s c i n t i l l a t i n g  c r y s t a l  in  which th e  
c o n s t i tu e n t s  gave s im i la r  p ro to n  y ie ld s #  Cs and I  a r e  ex trem ely  
w e ll s u i te d  in  t h i s  a sp ec t#  They o n ly  d i f f e r  in  Z v a lu e  by 2 
(s e e  t a b le  2 .1 ) ,  th e y  a re  b o th  odd-even  n u c le i ,  have th e  same 
b in d in g  e n e rg ie s  f o r  p ro to n s  and f o r  n e u tro n s  and have th e  
same f i l l e d  p ro to n  and n e u tro n  s h e l l s #
T ab le  2 .1
COMPARISON OF SOME PROPERTIES OF Cs AND I
Cs I
z 55 53
A 135 127
Coulomb b a r r i e r  (MeV) 1 0 . 7 1 0 . 6
(y ,p )  th re s h o ld  (MeV) 6 . 5 6 . 5
(Y ,n) th re s h o ld  (MeV) 9 . 0 9 - 3
(Y ,np) th re s h o ld  (MeV) 1 5 . 4 1 5 . 3
(Y ,cO th r e s h o ld  (MeV) 2 . 3 2 . 0
T h resh o ld  e n e rg ie s  o b ta in e d  from  W ap s tra ’ s 
Table o f Atomic M asses (Wa58)
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S in ce  th e  sy s te m a tic s  of p h o to p ro to n  e m issio n  (We54, H a5l) do
*
n o t p r e d ic t  la r g e  v a r i a t io n s  betw een n e ig h b o u rin g  n u c le i  , i t  
i s  assumed t h a t  th e  p h o to p ro to n  em issio n  i s  i d e n t i c a l  fo r  bo th  
Cs and I .  T h is  does n o t m a tte r  g r e a t ly  as i t  i s  o n ly  th e  
g e n e ra l  t r e n d s  w ith  changing  Z th a t  a re  o f i n t e r e s t .
2 .2  E x p e rim en ta l D e ta i ls  
2 .2 .1  Method
The m easurem ent o f  th e  p h o to p ro to n s  was based  on th e  
p r in c i p l e  o f  u s in g  a  s c i n t i l l a t i n g  c r y s t a l  as th e  ta r g e t  a s  
w e ll  as  th e  d e t e c to r .  T h is id e a  was f i r s t  d ev eloped  by Mann,
Ophel and W right (Ma57) and has s in c e  been  used  e x te n s iv e ly  f o r  
o b se rv in g  (Y ,p) r e a c t io n s  in  v a r io u s  s c i n t i l l a t i n g  c r y s t a l s  
(Bo59) u s in g  17*6 MeV Y -ra y s . The o n ly  d i f f e r e n c e  between 
th e s e  ex p erim en ts  and th e  one d e s c r ib e d  h e re  was th e  u se  o f  
a  b rem sS trah lu n g  o u tp u t o f an e le c t r o n  sy n c h ro tro n  as a  Y -ray  
so u rc e  in s te a d  o f th e  m onochrom atic Y -ra y s . In  p r in c ip le  th e  
method was v e ry  s im p le . A s c i n t i l l a t i n g  c r y s t a l ,  in  t h i s  case  
C s l ( T l ) ,  was p la c e d  in  th e  b rem sS trah lu n g  beam from  th e  sy n ch ro ­
t r o n .  The Y -rays produced p ro to n s  in  th e  c r y s t a l  from  th e  
r e a c t io n s  C s(Y ,p) and l ( Y ,p ) .  These p h o to p ro to n s  were d e te c te d  
i n  th e  c r y s t a l ,  th e  l i g h t  p u ls e  was c o n v e rte d  to  an  e l e c t r i c a l  
p u ls e ,  which was s u i ta b ly  a m p lif ie d  and d is p la y e d  on a  k ic k s o r t e r .
The v a r i a t i o n s  t h a t  do o ccu r ( e .g .  Mo^2 and Mo^°° (Bu53) ) a re  
due to  v a r i a t io n s  in  th e  b in d in g  e n e rg ie s  which f o r  Cs and I  
a re  seen  to  be th e  same (se e  t a b le  2 .1 ) .
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These p ro to n  s p e c tr a  were th e n  c o r r e c te d  f o r  p ro to n s  e sc a p in g  
from  th e  c r y s t a l .
2 .2 .2  C ounter
The s c i n t i l l a t i o n  d e te c to r ,  w hich was a lso  th e  t a r g e t ,  con­
s i s t e d  o f  a  0 .7 5 ” x 0 .75" x 0 .20" C s l(T l)  c r y s t a l  mounted on a  
J "  th ic k  p e rsp e x  d is k  w ith  a  c l e a r  a r a l d i t e  c a s t in g  r e s i n .  The 
p e rsp e x  was clam ped to  an E .M .I. ty p e  6097 p h o to m u lt ip l ie r  and  
th e r e  was a  l a y e r  o f  s i l i c o n e  o i l  betw een th e  s u r f a c e s  to  e n su re  
a  good o p t i c a l  c o n ta c t .  The c r y s t a l  and p h o to m u lt ip l ie r  w ere 
e n c lo se d  in  a  l i g h t  t i g h t  alum inium  can w hich had a  th in  
alum inium  window (5 mgm/cm ) f o r  beam e n t r y .  The p u ls e s  from  
th e  p h o to m u lt ip l ie r  were fe d  th ro u g h  a  ca thode  fo llo w e r  in to  a  
H igginbotham  n o n -o v e rlo a d  a m p li f ie r  and a n a ly se d  by a  H u tc h iso n - 
S c a r ro t  k ic k s o r t e r .
The perfo rm ance o f th e  c o u n te r  was a s s e s se d  by m easu ring  
th e  a lp h a  p a r t i c l e  spectrum  from  a  r a d io  tho rium  so u rc e . The 
energy  r e s o lu t io n  o f th e  t?/o a lp h a  g roups (8 .8  and 6 .1  MeV) was 
6^0 ( s e e  f i g .  2 .1 ) .  Some o f  t h i s  energy  sp re a d  may be a t t r i b u t e d  
to  n o n -u n ifo rm ity  in  th e  p ho tocathode  and some to  th e  s c a t t e r i n g  
o f  th e  a lp h a  p a r t i c l e s  w hich t r a v e l  th ro u g h  2 mm. of a i r  to  re a c h  
th e  c r y s t a l .  The r e s o lu t io n  f o r  th e  p ro to n s  was abou t th e  same,
and more th a n  adeq u a te  f o r  th e  experim en t
Figure 2,1
Alpha-particle spectrum from a radio-thorium source
3000 8-8 MEV
6*1 MEV
2000
IOOO
40
CHANNEL
F IG. 2.1
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2.2.3 Energy Cal Toration
The crystal was calibrated by measuring the proton peaks
from the reaction Cs(Y,p) using 17*6 MeV gamma rays. The
proton energies were 7«2, 9«3 and 11.4 MeV (Y/r59) and were
obtained by comparison with the proton groups from the reaction 
10 11B (d,p)B . The Cs proton peaks were compared with the radio 
thorium alphas, and the two alpha groups were then used for 
calibration checks during the experiment. For the particular 
crystal that was used, it was found that the 8.8 MeV alpha had 
the same light output as a 6.1 MeV proton.
2.2.4 Bremsstrahlung Beam
The beam from the synchrotron was hardened by passing it
through 50" of graphite before entering the counter (see fig. 2.2).
The purpose of the graphite was twofold. Firstly it reduced
the number of low energy photons relative to the high energy
photons. Fifty inches of graphite reduces the number of 1 MeV 
4photons by 10 , while the same amount of graphite reduces 30 MeV 
photons by only a factor of 8. This reduction in the relative 
number of low energy photons was beneficial, as it was these 
photons which, without producing any photoprotons, were the 
main contributors to the production of electrons. Graphite 
has the advantage over most other materials ths.t its total 
absorption coefficient has a minimum at an energy of MeV
(Wa59).
Figure 2.2
Experimental lay-out
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E
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Secondly i t  was found th a t  w ithou t the  g ra p h ite  th e re  was 
more than  adequate  beam and th e  e f f e c t  of th e  g ra p h ite  was 
to  reduce the  t o t a l  beam to  a  s u i ta b le  le v e l .  An excessive  
beam caused the e le c tro n ic  coun ting  equipment to  s a tu r a te ,  
r e s u l t in g  in  the s p e c tra  be ing  d is to r te d  and a lso  in c reased  
the  problem of e le c tro n  p i le  up in  th e  c r y s ta l  (see  2 .2 .6 ) .
2 .2 .5  C ry s ta l S ize
The cho ice  of the  c r y s ta l  dimensions was governed by th re e  
f a c to r s :  ( i )  th e  e le c tro n  edge; ( i i )  th e  c o r re c t io n  f a c to r  f o r  
p ro tons escap ing  from the c r y s ta l  w ithout be ing  stopped ; and 
( i i i )  the  problem o f making a uniform  c r y s ta l .  P h o to e lec tro n s  
which a re  produced predom inantly  in  the forw ard d i r e c t io n  (Ev55) 
w i l l  escape from a  th in  c r y s ta l  w ith v e ry  l i t t l e  lo s s  of energy 
( r e s u l t in g  p u lse  sm a ll) . T herefore  th e  th in n e r  th e  c r y s ta l ,  th e  
few er th e  la rg e  p u lse s  from e le c tro n s .  On th e  o th e r hand, th e  
th in n e r  th e  c r y s ta l  the  more u n c e r ta in  becomes th e  c o r re c t io n  fo r  
"escaping*' p ro to n s  due to  non -u n ifo rm ity  in  th e  c r y s ta l  th ic k n e ss  
(which v a r ie d  by le s s  than  .001" over the e n t i r e  c r y s ta l  s u r fa c e ) ,  
and due to  th e  u n c e r ta in ty  in  th e  range of p ro tons in  Csl (see  2 .3 * 4 ). 
I t  was th e re fo re  decided  to  s t r ik e  a  balance and use a c r y s ta l  0.020" 
th ic k . The e f f e c t  o f having th e  o th e r two dim ensions la rg e  com­
pared w ith  th e  th ick n ess  was in v e s t ig a te d  and found to  have no
*
m easurable e f f e c t  on the  number o f e le c tro n  p u lse s  • The advantage
*  -  -
This i s  c o n tra ry  to  what W ri^ it (Wr59) found u s in g  17*6 MeV Y -rays.
However, h is  Y -ray source was not c o llim a te d , thus a llow ing  Y -rays
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o f  h av in g  th e s e  d im ensions la rg e  compared w ith  th e  th ic k n e s s  
was to  make th e  number o f  p ro to n s  which escaped  ou t o f th e
o th e r  two d im en sio n s.
2 .2 ,6  M easures to  red u ce  e le c t r o n  background
The m ain d i f f i c u l t y  in  t h i s  ex p erim en t, i n  common w ith  
o th e r  te c h n iq u e s  used  to  d e te c t  p h o to p ro to n s , was to  d is c r im in a te  
a g a in s t  e le c t r o n s  -which have pho ton  in t e r a c t io n  c ro s s  s e c t io n s  
fo u r  o rd e r s  o f  m agnitude g r e a t e r  th a n  th e  p h o to p ro to n  c ro s s  
s e c t io n .  T h is  problem  i s  ag g ra v a te d  f u r th e r  when b rem sS trah lu n g  
i s  th e  so u rc e  o f gamma ra y s  b ecau se :
i )  th e r e  i s  a  la rg e  f lu x  o f  gamma ra y s  which a re
below th e  p h o to p ro to n  th re s h o ld  and can produce 
e le c t r o n s
i i )  e l e c t r o n  a c c e le r a to r s  a re  p u ls e d  m achines and a s  a
th e  r e s u l t i n g  low energy  e le c t r o n s  produced in  th e  
c r y s t a l  can  Mp i l e  up" to  p roduce la rg e  p u ls e s .
To h e lp  overcome th e  f i r s t  d i f f i c u l t y ,  th e  beam was h a rd en ed  
w ith  50” o f  g r a p h ite  (s e e  2 .2 ,4 ) .  A nother m ajor f a c t o r  in  
d e c re a s in g  th e  e le c t r o n  background was to  u se  a  v e ry  t h in  
c r y s t a l ,  w hich red u ced  th e  number o f la rg e  e le c t r o n  p u ls e s
to  e n te r  th e  c r y s t a l  a t  an a n g le .  T his would r e s u l t  in  th e  
c r y s t a l  edges p la y in g  a  more im p o rtan t p a r t  in  d e te rm in in g  th e  
e le c t r o n  background.
c r y s t a l  s id e s  n e g l ig ib l e .  T h e re fo re  •J*’ was chosen  f o r  th e
r e s u l t  th e  e n t i r e  beam a r r iv e s  in  a  59ms p e r io d  and
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r e l a t i v e  to  th e  number o f p ro to n  p u ls e s  (s e e  2 ,2 * 5 )•  A lso th e  
p u ls e s  w ere reduced  to  1^ u.s lo n g , which v/as th e  low er l i m i t  f o r  
a c c e p ta n c e  by th e  k ic k s o r t e r .  This c o n s id e ra b ly  red u ced  th e  
amount o f e le c t r o n  ’’p i l e  u p .”
The problem  of th e  sy n c h ro tro n  b e in g  a  p u lse d  m achine was 
overcome to  a  c e r t a in  e x te n t  by tu rn in g  th e  r a d io  freq u en cy  o f f  
s lo w ly . T h is  in c re a s e d  th e  t o t a l  d u ra t io n  o f  th e  beam from 
50yus to  200yus bu t even so a  la rg e  p ro p o r t io n  o f the  beam 
a r r iv e d  w ith in  100yu.s.
To t e s t  w hether m u l t ip le  e le c t r o n  p u ls e s  w ere b e in g  o b se rv ed , 
s e v e ra l  ru n s  a t  d i f f e r e n t  i n t e n s i t i e s  w ere made. S ince  th e  
number o f m u l t ip le  ev en ts  in c re a s e s  e x p o n e n t ia l ly  w ith  i n t e n s i t y ,  
w h ile  s in g le  e v e n ts  in c re a s e  l i n e a r l y ,  th e  observed  s p e c t r a  a t  
d i f f e r e n t  i n t e n s i t i e s  would d i f f e r  in  sh ap e . Even a t  th e  maximum 
beam u se d , which was JR p e r  m in. a t  th e  m achine s id e  o f  th e  
g r a p h i te ,  no d i f f e r e n c e  cou ld  be observed  and i t  was concluded  
th a t  th e  number o f m u l t ip le  ev en ts  was n e g l ig ib l e .
As a  r e s u l t  o f u s in g  a l l  th e  methods d e sc r ib e d  above, th e  
p u ls e s  due to  e le c t ro n s  were l e s s  than  4 MeV (se e  2 .5 » 1 ).
2*2 .7  S pu rious P u lse s
There were two main ty p e s  o f sp u rio u s  p u ls e s :  th e  n a t u r a l
background p u ls e s ,  w hich were always p r e s e n t ,  and th o se  a s s o c ia te d  
w ith  th e  beam. The n a tu r a l  background was reduced  by a  f a c t o r
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of 100 by gating the kicksorter, so that it accepted pulses 
only when there was a beam from the synchrotron. This back­
ground mainly consisted of alpha contamination of the counter 
from the radio thorium source which was used to check the gain 
of the counter. The count rate of these alphas was kept below 
1 per minute (kicksorter ungated) by allowing them to decay 
(half life of 10 hours).
The spurious pulses associated with the beam were partly
due to protons produced in the aluminium window and in the
perspex backing of the crystal and partly to charged particles
formed in the crystal by nuclear reactions other than Cs(Y,p)
and I(y ,p ). The yields of protons from the aluminium and the
perspex were calculated from the measured cross sections and
proton distributions (Ho53? Li57» Ha5l) and found to be less
than V/o and yfo respectively. The low yield from the perspex
was due to the high percentage of C which has a high (Y,p)
12threshold of 16 MeV. This meant that most of the C protons 
would have energies less than 7 MeV, and these would have to 
enter the crystal with an energy greater than 4 MeV to be in­
cluded in the Cs and I proton yields.
The only other major sources of extraneous pulses were 
nuclear reactions in the crystal leading to the emission of a 
charged particle. The following reactions were considered the
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most im p o r ta n t :  ( n ,p ) ,  (y , cl) ,  and (Y ,np+d) in  Cs and I .  The
(n ,p )  r e a c t io n  was m easured by i r r a d i a t i n g  th e  c r y s t a l  w ith  a
s ta n d a rd  Ra -  Be n e u tro n  so u rce  and c o u n tin g  th e  number o f
p u ls e s  observ ed  in  th e  c r y s t a l .  To n o rm a lise  th e  n e u tro n  f lu x
of th e  Ra -  Be so u rce  to  t h a t  in  th e  Y -ray  beam, a  b lo c k  o f
aluminium was ir r a d ia te d  in  the Y-ray beam and a lso  by the
n e u tro n  so u rc e . The r e l a t i v e  n e u tro n  s t r e n g th s  were o b ta in e d
27from m easuring  th e  9»7 m in. r e s id u a l  a c t i v i t y  from  Mg which
27 27was produced  by th e  r e a c t io n  A1 (n,p)M g . The r e s u l t  o f  th e s e  
m easurem ents was th a t  th e  number o f p ro to n s  g r e a te r  th a n  4 MeV 
produced in  th e  c r y s ta l  due to  an  (n ,p )  r e a c t io n  was (0+l)?'o o f  
the t o t a l  p h o to p ro to n  y i e ld .
Some ( y , cl) c ro s s  s e c t io n s  in  th e  r e g io n  f o r  Z > 40 have 
been m easured by  Erdos e t  a l .  (Er57) who found th e  in te g r a te d  
(y >ol) c ro s s  s e c t io n s  to  32 MeV to  be ap p ro x im a te ly  0 .3  MeV-mb 
and th a t  th e  v a lu e  was in d ep en d en t o f A. T h is  r e a c t io n  was 
th e re fo re  c o n s id e re d  to  be a  n e g l ig ib le  so u rc e  o f  sp u rio u s  
p u ls e s .
The number o f p h o to d e u te ro n s> and p h o to p ro to n s  in  c o in c id e n c e  
w ith  n e u tro n s  t h a t  were produced  in  th e  c r y s t a l  was d i f f i c u l t  to  
e s tim a te  as th e r e  was l i t t l e  e x p e rim en ta l d a ta  a v a i la b le  in  t h i s  
re g io n  o f  th e  a tom ic t a b l e .  U sing th e  r e s u l t s  o f  Hofman and S to l l  
(Ho58) i t  was e s tim a te d  th a t  below 25 MeV th e  c ro s s  s e c t io n  would
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be n e g l ig ib l e  b u t in  th e  r e g io n  27-32 MeV 3V?° o f  th e  m easured 
p h o to p ro to n  c ro s s  s e c t io n  may have been  due to  p h o to d e u te ro n s  
and to  p h o to p ro to n -n e u tro n  p a i r s .
2 .3  C o rre c tio n  f o r  th e  escape o f  p ro to n s  from  th e  c r y s t a l .
2.3*1 I n t r o d u c t io n
One o f  th e  p rob lem s a s s o c ia te d  w ith  u s in g  th in  c r y s t a l s  
as  d e te c to r s  o f charged  p a r t i c l e s ,  i s  to  c a l c u la te  th e  e f f e c t  
o f  p a r t i c l e s  w hich escape  from  th e  c r y s t a l .  U su a lly  th e  c r y s t a l  
i s  made la rg e  enough so t h a t  e i th e r  a l l  th e  p a r t i c l e s  a r e  s to p p ed , 
o r ,  th e  number e scap in g  i s  n e g l ig ib l e .  When th e  d e te c to r  i s  a l s o  
th e  so u rce  o f  th e  p a r t i c l e s ,  some must escap e  and i t  i s  o f te n  
im p o ss ib le  to  re d u c e  th e  number of such p a r t i c l e s  to  an  i n s i g ­
n i f i c a n t  am ount. T h is  i s  th e  case  in  th e  p r e s e n t  ex p e rim en t, where 
p h o to p ro to n s  a re  produced u n ifo rm ly  th ro u g h o u t a  th in  c r y s t a l ,  and 
more th a n  50$ o f th e se  p ro to n s  e scap e . A c o r r e c t io n  can be made 
p ro v id ed  th e  ran g e -e n e rg y  r e l a t i o n  o f  th e  p ro to n s  in  th e  c r y s t a l  
and t h e i r  a n g u la r  d i s t r i b u t i o n  a re  known.
The ra n g e -e n e rg y  r e l a t i o n s h ip  f o r  p ro to n s  in  C sl can  be c a l ­
c u la te d  t h e o r e t i c a l l y  and has a ls o  been m easured e x p e r im e n ta lly  
(Wo60). F or the  pu rpose  o f c o r r e c t in g  th e  m easured p ro to n  s p e c tr a  
th e  ra n g e -e n e rg y  r e l a t i o n s h ip  was o b ta in e d  by in t e r p o la t i n g  A ron’ s 
ra n g e -e n e rg y  ta b le s  (A r5 l) .  The p o s s ib le  e r r o r  th a t  w ould be 
in tro d u c e d  by in a c c u ra c ie s  o f th e  t a b le s  i s  d is c u s s e d  i n  2 .3 * 4 .
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The prob lem  o f d e te rm in in g  th e  a n g u la r  d i s t r i b u t i o n  i s  d i f f i c u l t ,  
as th e re  have been no m easurem ents made o f  th e  d i s t r i b u t i o n  f o r  
th e  p h o to p ro to n s  from Cs o r I* T his i s  d is c u s s e d  f u r th e r  in
2.%3.
C a lc u la t io n s  fo r  th e  lo s s  c o r r e c t io n  (se e  2 .3*2) have been
made assum ing f i r s t l y ,  an i s o t r o p i c  d i s t r i b u t i o n  and seco n d ly , a  
2
s in  Ö d i s t r i b u t i o n  of th e  e m itte d  p h o to p ro to n s .
2.3*2 C a lc u la t io n s
The c o r r e c t io n  fo r  e scap in g  p ro to n s  was c a lc u la te d  f o r  two
2
d i f f e r e n t  p r o tc n  an g u la r  d i s t r i b u t i o n s ,  i s o t r o p i c  and s in  Ö. To 
s im p lify  th e  c a lc u la t io n s  i t  was assumed th a t  th e  c r y s t a l  was 
i n f i n i t e  in  two o f i t s  d im en sio n s . For th e  c r y s t a l  used  in  th e  
experim ent (0 .7  5" x 0 .7 5 "  x 0 .0 2 0 M) th e  e r r o r  in tro d u c e d  by t h i s  
assum ption  was found by c a l c u la t in g  th e  number o f p ro to n s  which 
escape from  th e  edges o f th e  c r y s t a l .  T h is  was done in  a  s im i la r  
manner to  t h a t  d e sc r ib e d  below  fo r  d e te rm in in g  th e  number e scap ­
in g  from  th e  f r o n t  and back s u r f a c e s .  For 20 MeV p ro to n s  and an 
i s o t r o p i c  d i s t r i b u t i o n ,  2°/o w i l l  escape o u t o f th e  edges and th e  
p e rc e n ta g e  w i l l  d e c re a se  w ith  d e c re a s in g  p ro to n  energy .
The e q u a tio n s  d e te rm in in g  th e  number R (r ) o f  p a r t i c l e s  o f 
ran g e  R t h a t  a re  stopped  co m p le te ly  in  th e  c r y s t a l  a r e :
H(R) = H0(r ) ( l -R /4 t) ;  R < 2 t  )
N0(R) ( t /R ) ;
)R^2t )
i s o t r o p i c
d i s t r i b u t i o n (1)
(Gv k.%)
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H(E) = No(E) (1- ; R«2 t  )
Ho(R) I - (VR)3 sin2©distribution (2); R>2 t
where 2t is the thickness of the crystal and N (R) is the total 
number of protons. Therefore the number (N1) of protons that 
have a maximum possible range R in the crystal and only travel 
a distance r in the crystal is given by the relation:
N'(r,R) = -dR(r)/dr (3)
Using this relation together with the previous equations we get: 
N'(r,E) = N0(E) (4) dr; r<E, r<2 t  )
Ifc(R) (t/r2) dr; 2t< r <R
\isotropic 
jdistribution '
N'(r,R) = %(R) (3/l6t) dr; r<R, r<2 t  ) . 2
Mq(R) - 4 )4r; 2t< r < E
sin ©
distribution (5)
Equations (l), (2), (4) axid (5) together with the range-energy 
relation for protons in the crystal, are sufficient to determine 
the true proton spectrum from an observed spectrum and vice versa, 
where the angular distribution of the protons can be written in 
the form:-
N(0,E) = A(E) + B(E) sin2©
Figure 2*3 shows a proton spectrum before and after correcting 
for proton losses for the case B = 0. Spectrum U is the observed 
(uncorrected) spectrum and C is the corrected (true) spectrum.
Figure 2.5
The effect of protons escaping from a thin crystal. 
Spectrum C is the true proton spectrum of a source of mono- 
energetic protons produced uniformly throughout the crystal. 
Spectrum U is the observed spectrum calculated theoretically. 
The pulses appearing below the peak energy are due to 
protons only losing a fraction of their energy in the crystal.
IO 15
PROTON ENERGY(McV)
FIG. 2.3
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2.3-3 Angular Distribution Effects on the Loss Correction
Since there was no data available on the angular distri­
bution of photoprotons from Cs or I, it was necessary to (a) 
assume an angular distribution based on data from nearby 
nuclei and (b) investigate the possible error that could be 
introduced by the assumed distribution.
The only angular distributions that have been measured 
in the vicinity of Z = 54 are indium (Ba60; To53) and cerium 
(To53)- These results show that no one angular distribution 
applies to all proton energies and that the angular distribution 
is also a function of the brems Strahlung energy. There are some 
points however which are common to all the measured angular dis­
tributions. They all show a considerable isotropic component 
and the non isotropic component has a maximum in the region of 
90° with respect to the beam, but it may be displaced either 
in a forward or backward direction.
The experimental results agree with theoretical predictions 
(Co51) ; the displacement of the maximum from 90° being attributed 
to an interference term from electric quadrupole absorption 
(see 1.2).
In view of the difficulty in determining a reliable angular 
distribution it was decided to correct the measured spectra using 
a pure isotropic distribution. Although this was incorrect and
- 29 -
2
p erh ap s  a  d i s t r i b u t i o n  w ith  a  s in  0 component would be more
a c c u r a te ,  i t  w i l l  be shown th a t  the  d i f f e r e n c e  in  th e  f i n a l
2
r e s u l t  f o r  an i s o t r o p ic  and a  s in  0 d i s t r i b u t i o n  i s  sm a ll.
To c a l c u la te  t h i s  d i f f e r e n c e ,  a  m easured spectrum , o b ta in e d  
from a  c r y s t a l  0 ,020" t h i c k ,  was c o r re c te d  u s in g  b o th  d i s ­
t r i b u t i o n s ,  and th e  two r e s u l t a n t  s p e c tr a  a r e  shown in  
f i g .  2 .4 .  The m easured spectrum  was sm oothed b e fo re  b e in g  
c o r r e c te d .  I t  can be seen th a t  th e  two s p e c t r a  show th e  
g r e a t e s t  d i f f e r e n c e  a t  h ig h  e n e rg ie s  and th e re  i s  a  sm all 
s h i f t  i n  th e  p o s i t io n  o f  th e  peak . The t o t a l  number o f 
p ro to n s  w ith  e n e rg ie s  l a r g e r  th an  4 MeV d i f f e r e d  by o n ly  4$, 
th e  number b e in g  l a r g e r  f o r  th e  i s o t r o p i c  d i s t r i b u t i o n .
These m easurem ents show th a t  any e r r o r  in tro d u c e d  by 
u s in g  th e  wrong an g u la r  d i s t r i b u t i o n  was l e s s  th a n  A?/o and 
due to  th e  s i m i l a r i t y  betw een s p e c tr a  f o r  d i f f e r e n t  brem s- 
s tra h lu n g  e n e rg ie s  ( f i g .  2 .6 )  t h i s  e r r o r  w i l l  be in d ep en d en t 
o f th e  b re m ss tra h lu n g  en erg y .
2*3*4 O th er Sources o f E r ro r  in  C o rre c tin g  f o r  E scap in g  P ro to n s  
T here a re  two o th e r  main so u rces  o f  e r r o r  in  making th e  
escape c o r r e c t io n s ;  th e  c r y s t a l  th ic k n e s s  and th e  ra n g e -e n e rg y  
r e l a t i o n .  The 0 .020" c r y s t a l  u sed  f o r  th e  experim en t was found 
to  have a  v a r i a t i o n  o f  0 .001" in  th ic k n e s s .  The e f f e c t  o f  t h i s  
v a r i a t io n  was m easured by c o r r e c t in g  a  spec trum  assum ing th e
Figure 2«4
The effect of assuming different angular distributions
of the photoprotons to correct for protons escaping from the
crystal. The two spectra have been obtained from a measured
spectrum by correcting for proton losses assuming an
2
isotropic (A) and a sin 0 (B) distribution.
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c r y s t a l  th ic k n e s s  was 0 ,0 2 0 “ and c o r r e c t in g  th e  same spectrum  
assum ing a th ic k n e s s  o f 0 .0 2 1 “ . The two c o r r e c te d  s p e c tr a  were 
a lm o st i d e n t i c a l  i n  shape and th e  t o t a l  y ie ld s  o f  p ro to n s  
d i f f e r e d  by 5$• The a c tu a l  e r r o r  i s  f a r  l e s s  th a n  jfo  b ecau se  
th e  mean c r y s t a l  th ic k n e s s  o b ta in e d  by w eigh ing  th e  c r y s t a l ,  
was u sed  to  c o r r e c t  the  m easured s p e c tr a .
The e r r o r  in tro d u c e d  by u s in g  an in c o r r e c t  ra n g e -e n e rg y  
r e l a t i o n s h ip ,  was e s tim a te d  by c o r r e c t in g  a  spectrum  u s in g  two 
ran g e -e n e rg y  r e l a t i o n s h ip s ,  one o f w hich was ta k en  from  A ron’ s 
ta b le s  (A r5 l) ,  and th e  o th e r  assumed a  p ro to n  ran g e  in  C sl w hich 
was 10$ g r e a t e r  th a n  th a t  g iv e n  by A ron’ s t a b l e s .  A com parison 
o f th e s e  s p e c t r a  showed a  v e ry  sm a ll change in  th e  p ro to n  spectrum  
shape and a  y/o  d i f f e r e n c e  in  y ie ld .
Prom th e se  m easurem ents th e  fo llo w in g  c o n c lu s io n s  can be 
drawn: E r ro rs  in  th e  shape o f  th e  p h o to p ro to n  s p e c t r a  w i l l  be
a lm o st e n t i r e l y  due to  e r r o r s  in  th e  assiuned a n g u la r  d i s t r i b u t i o n  
o f  th e  p ro to n s  and th e se  a re  ex p ec ted  to  be sm a ll.  E r ro r s  in  th e  
y ie ld  w i l l  be due m ain ly  to  e r r o r  in  th e  a n g u la r  d i s t r i b u t i o n  
(4 $ ) , v a r i a t i o n  in  th e  c r y s ta l  th ic k n e s s  (2$) and u n c e r t a in ty  
in  th e  ra n g e -e n e rg y  r e l a t i o n  ( 3$ ) •  A ll th e  e r r o r s  in  th e  y ie ld  
w i l l  be indep en d en t o f th e  b rem sS trah lung  en e rg y  and a s  a  r e s u l t  
w i l l  o n ly  a f f e c t  th e  t o t a l  c ro s s  s e c t io n  and n o t th e  shape o f
th e  c ro s s  s e c t io n .
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2 .4  Beam M onito ring  and A bsolute Y ield Measurements
The t o t a l  hremsS trah lung  dose was m onitored by the  a c t i v i t y
induced in  Ta f o i l s  p laced  in  f r o n t  of the g raph ite*  The induced
a c t i v i t y  was measured by d e te c t in g  th e  55 kev k -c a p tu re  T -ray
1 flOinfrom the  8 ,15  h r .  Ta u s in g  a s c i n t i l l a t i o n  sp ec tro m ete r.
Each f o i l  was l e f t  f o r  a t  l e a s t  one hour a f t e r  i r r a d ia t io n  to
181 178allow  the  10 min. a c t i v i t y  produced by the  Ta (Y>3n)Ta 
re a c t io n  to  decay away (Ca58).
Because o f the  la rg e  s e p a ra tio n  of the  m onito ring  f o i l s  and 
the  Csl c r y s ta l ,  n e c e s s i ta te d  by the  sm all beam in te n s i ty  a t  th e  
c r y s ta l ,  i t  was necessa ry  to  c o r re c t  th e  p ro to n  y ie ld s  fo r  the 
s h i f t  in  th e  Y -ray beam r e s u l t in g  from changes in  the  b rem sstrah lung  
energy. One Ta d isk  was p laced  in  th e  p o s i t io n  of th e  m onitor 
f o i l  and an o th er a g a in s t th e  Csl c r y s ta l .  The g ra p h ite  was 
removed and th e  r a t i o  o f th e  induced a c t i v i t y  in  the two f o i l s  
was measured as a fu n c tio n  o f th e  b rem sstrah lung  energy. The 
changes in  th e  r a t i o  were a  d i r e c t  measure of th e  beam s h i f t .
The a b so lu te  y ie ld  o f p ro to n s  was determ ined r e la t iv e  to  
the  known C u ^(Y ,n ) c ro ss  s e c t io n . The Csl c r y s ta l  was rep laced  
by a Cu f o i l  o f th e  same dim ensions and i r r a d ia te d  fo r  te n  
m inutes a t  30 MeV, w ith the  same m onito ring  p rocedu re . By 
counting  th e  a n n ih i la t io n  quanta from th e  r e s u l t in g  9*7 min.
62p o s itro n  a c t i v i t y  in  Cu in  a Nal s c i n t i l l a t i o n  sp ec tro m ete r,
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i t  was p o s s ib le  to  c a lc u la te  th e  neu tron  y ie ld  p e r mole of Gu p e r 
u n i t  Ta m onitor count. From t h i s  the  p ro to n  y ie ld  p e r mole of 
Gsl was c a lc u la te d  r e l a t iv e  to  th e  Cu n eu tro n  y ie ld .  The abso­
lu te  y ie ld  of photoprotons was c a lc u la te d  from Berman and Brown* s 
Cu ^(T jn) r e s u l t s  (Be54). A c o rre c t io n  was made fo r  the  e f f e c t  of
the  g ra p h ite  on th e  b rem sstrah lung  shape. To o b ta in  the a b so lu te  
62y ie ld  of Cu , i t  was n ecessa ry  to  know th e  e f f ic ie n c y  of th e  
Nal s c i n t i l l a t i o n  spec trom eter f o r  m easuring the  511 kev a n n ih i l ­
a t io n  qu an ta . T his was measured u sin g  a sim ple co incidence method 
(Be58).
2 .5  R esu lts  and A nalysis  
2 .5 .1  Photoproton S p ec tra
Photopro ton  sp e c tra  were ob ta ined  a t  1 MeV in te rv a ls  of the  
b rem sstrah lung  energy from 14 to  32 MeV. F ig . 2 .5  shows some o f 
th e  p ro ton  s p e c tra  before the  c o rre c t io n s  were made fo r  p ro to n s  
escaping  from th e  c r y s ta l .  Each spectrum  was th e  sum of a t  l e a s t  
10 one hour ru n s  and th ey  a l l  shovr evidence o f a " v a l l e y  in  th e  
reg io n  of 4 MeV. The sh a rp ly  r i s in g  low energy p a r t  of each 
spectrum  was due to  e le c tro n s  and p a r t i a l l y  stopped p ro to n s . To 
see the  e x te n t of th i s  e le c tro n  edge, s e v e ra l  ru n s  were made a t  
low b rem sstrah lung  e n e rg ie s  (12-15 MeV), where th e  p ro to n  em ission 
was n e g lig ib le  (see  f i g .  2 .5 ) .  By e x tra p o la t in g  the  r e s u l t s  o f 
th e se  low energy ru n s , i t  was p o s s ib le  to make a good e s tim ate
Figure 2.5
Photoproton spectra from Csl obtained, at different 
bremsStrahlung energies. The spectra have not been 
corrected for the effect of protons escaping from the 
crystal. The ordinate is the number of protons per 
^ MeV interval. is the maximum brems Strahlung energy.
E = 32 MEV.
E = 29 MEV.
E = 25 MEV.
E = 22 MEV.
E = 2 0  MEV.
E = 15 MEV.
PROTON ENERGY ( m e v . )  
F I G .  2.5
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of the shape of the electron edge at higher bremsstrahlung 
energies. It w as estimated that the number of pulses greater 
than 4 MeV, which were caused by electrons, was less than 2%
The proton spectra, corrected on the assumption of an iso­
tropic angular distribution, are shown in fig. 2.6. These show 
that very few photoprotons with energies less than 4 MeV, are 
emitted from Cs and I nuclei. The peak position of the proton 
spectra is at 7 - 7i MeV and this increases slightly with 
increasing bremsstrahlung energy.
To calculate the yield of photoprotons following the form­
ation of a compound nucleus the following equations were used:- 
(B152).
for a bremsstrahlung energy of JO MeV and less than at
1? MeV.
(6)
fe-an Ke a (e)W(E-e-A ) de c,nx ' v ir (7)o
where
<j(e ) = cross section for a gamma ray of energy E
A = thresholds for the (Y,p) and (Y,n) reactions
^ respectively
e = energy emitted nucleon
W = level density of the residual nucleus
Figure 2.6
Photoproton spectra from Csl after correcting for 
the protons escaping from the crystal* The spectra have 
all "been normalised to the same circulating electron 
current in the synchrotron. E is the maximum brems-
strahlung energy.
E =  32MEV.
= 31 ME V.
E r  3 0 M E V .
E -  29MCV.
-  24MEV. E _ -  27M EV.
E :  24M E V. C = 2SMEV.
E z  2 3 MEV.E -  22 ME V.
E Z 20M E V . £ z  21MEV.
P ROT ON ENERGY ( m e v . )
FIG, 2.6
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where
a , a c ,p  c ,n c ap tu re  c ro ss  s e c t io n  f o r  p ro to n s  and n eu trons 
re s p e c t iv e ly  in  th e  r e s id u a l  n u c leu s ,
K = c o n s ta n t.
T herefore  th e  (Y,p) c ro ss  s e c tio n  i s  o b ta in ed  from th e  measured 
(Y ,n) c ro ss s e c tio n  from th e  fo llo w in g  eq u a tio n :
r( r , P) (E ) (E)° ( r ,n  ) W y  (Y>n )
where th e  r a t i o  i s  determ ined from eq u atio n s  (6) and (7 ) and 
0( y n )(^ )  i s the measured experim ental (Y ,n) c ro ss  s e c tio n . 
The le v e l  d e n s ity  was assumed to  be o f  th e  form :
( 8 )
W(E) = 1/E 2 e2^  (9)
where a  = 14 MeV (La6 l)  and the  cap tu re  c ro ss  se c tio n s  were 
tak en  from B la t t  and W eisskopf's ta b le s  (B152).
The c a lc u la t io n  showed th a t  the  (Y ,p) c ro ss  s e c tio n  was 
approx im ate ly  0 .5$  of the (Y,n) c ro ss  s e c t io n  f o r  E > 20 MeV 
and a crude a b so lu te  v a lu e  fo r  th e  in te g ra te d  (Y,p) c ro ss
se c tio n  o f 1 MeV-mb was o b ta ined  by e x tra p o la t in g  Nathan and
197
H alpern* s (Y ,n) c ro ss  s e c tio n  fo r  I  1 (Na54). This v a lu e  can
be compared w ith  136 MeV-mb fo r  the t o t a l  (Y,p) c ro ss  s e c tio n
(see  2*5*2) and i t  i s  obvious th a t  ev ap o ra tio n  p ro tons p lay  an
*
in s ig n i f ic a n t  p a r t
This c a lc u la t io n  i s  based on the  assum ption  th a t  th e  (Y,n) c ro ss  
s e c t io n  i s  due to  the  form ation  of a  compound n u c leu s . T h is, 
however, w il l  not be tru e  and acco rd in g  to  th e  I*P.M. (Wi56) a 
la rg e  f r a c t io n  of th e  neu trons w i l l  be em itted  d ire c tly *  This
• L I C  Ft A ft  Vw il l  g r e a t ly  reduce the  e stim ated  y ie ld  o f evaporated  p ro to n s .
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The calculation of photoproton spectra from the direct
interaction is extremely complex and it is doubtful if the
theory of direct emission is sufficiently well understood to
permit a reliable calculation. Various attempts have been
made (To53> Da56; Ba60), but in every case the problem has
been oversimplified. The fact that the results appear to fit
the experimental data for some heavy nuclei is fortuitous and
*in the region of Z = 50 there is no agreement at all •
A detailed calculation such as is required by the theory 
cannot be reliably undertaken until there is more knowledge of 
the E1 transition energies and the position of the proton 
energy levels, especially those above the coulomb barrier.
2.5*2 (y .p ) Cross Section
The (Y,p) cross section for Cs and I (fig. 2.7) was obtained 
from the measured yield curve using the method described in 
Appendix I. Allowances were made for the change in the brems- 
strahlung shape caused by the absorption in the graphite. The 
peak in the cross section was found at 25 MeV, the maximum cross 
section was 18 mb and the integrated cross section to 52 MeV 
was 136+30 MeV-mb. The estimation of the quoted error was based 
on the following errors: crystal thickness 2$, range-energy
Attempts have been made (Ba60) to explain the spectra for nuclei 
in the region of Z = 50, by a combination of direct and compound 
nucleus protons. The results indicate that the necessary compound 
nucleus contribution is 5-10 times that predicted by the compound 
nucleus theory.
Figure 2.7
The yield curve and derived cross section for the
Csl(Y,p) reaction.
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relation 3$» angular distribution 4$, protons from the perspex 
4$, Berman and Brown’s Cu^(Y>n) result 6$ and the error in 
measuring the absolute yield 20$. All the other sources of error 
were less than 1$.
The striking feature of the experimental cross section was 
that it showed a maximum 10 MeV above the position of the peak 
of the (Y>n) cross section, which is at 15«2 MeV (Na54; Mo53)»
The position of the maximum of the (Y,p) cross section can be 
explained in terms of the coulomb barrier and of the high energy 
tail of the giant resonance. However there is an increasing 
amount of evidence, both theoretical and experimental, to support 
the suggestion that there is a second absorption resonance for 
photons in the region of 23-28 MeV for heavy nuclei. The main 
experimental, evidence is the (Y,p) cross section measurements 
described here and in chapters 3 and 4. The manner in which they 
show evidence of the second resonance is shown in 3«4*4« In- 
chapter 5 a theoretical- calculation (Ca6o), originally intended 
to explain the position of the giant resonance, has been extended 
to show that there may be a second smaller resonance at about 23 
MeV for heavy nuclei. This new resonance can satisfactorily 
explain the observed (Y,p) cross sections for heavy nuclei.
2.5*3 Conclusions
The magnitude of the cross section agrees with the theoretical 
predictions of the new model and the comparison is plotted in
- 37-
f i g .  5*3 a long  w ith  o th e r experim en tal r e s u l t s .
The Y /ilkinson model can a lso  be used  s a t i s f a c t o r i l y  to  
ex p la in  th e  (Y,p) c ro ss  s e c tio n s  in  the heavy nuclei*  However, 
w hichever model i s  used i t  must p re d ic t  a  la rg e  a b so rp tio n  
c ro ss  s e c tio n  above th e  g ia n t  resonance, and on th i s  a sp ec t 
the C arver-P easlee  model appears more p ro b ab le . A more 
d e ta i le d  d is c u ss io n  of the  two models i s  g iven  in  ch ap te r 5»
An ex p lan a tio n  of the shape o f pho topro ton  sp e c tra  seems 
to  be th e  only main fe a tu re  of the  p h o tonuclear p rocess th a t  
cannot be s a t i s f a c t o r i l y  prov ided  by the  I.P .M . I t  may be 
th a t  w ith  a  more d e ta i le d  knowledge a s a t i s f a c to r y  ex p lan a tio n  
w i l l  be found which i s  in  agreement w ith  th e  p re se n t I.P .M .
th e o r ie s
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CHAPTER 5
THE MEASUREMENT OF THE (y . p ) CROSS SECTIONS 
FOR Ta AND Hg
3*1 In tro d u c tio n
The study  o f ph o to n u c lear r e a c t io n s  r e s u l t in g  in  th e  
em ission  of a p ro to n  has m ainly been co n cen tra ted  on th e  l ig h t  
n u c le i  where the  (Y,p) c ro ss  s e c tio n s  a re  the  same o rd e r o f 
m agnitude as th e  (Y>n) cro ss  sec tio n s*  The experim en tal d a ta  
in  th e  middle and heavy n u c le i i s  l im ite d  to  th e  measurement 
o f the  photoproton  y ie ld s  fo r  23 MeV brem sStrahlung f o r  a  com­
p reh en siv e  l i s t  of n u c le i  (We54) and an o ccas io n a l energy and 
an g u lar d i s t r ib u t io n  of th e  pho topro tons fo r  i s o la te d  brems- 
s tra h lu n g  en erg ies  (Ha51; Bu53> To55> Ho53)* Also Barber and 
Vanhuyse (Ba60) have r e c e n tly  measured the  p ro ton  s p e c tra , 
an g u la r d i s t r ib u t io n s  and c ro ss  s e c tio n s  fo r  fo u r  n u c le i  
ran g in g  from Hb through to  Au. These r e s u l t s  o f Barber e t  al* 
a re  th e  only d e ta i le d  (y>p ) c ro ss  s e c tio n s  th a t  have been 
measured f o r  the  middle and heavy n u c le i  (Z > 5 0 ).
The la c k  of d a ta  in  t h i s  re g io n  can be a t t r ib u te d  to  the 
sm all (Y ,p) c ro ss  sec tio n s  and the d i f f i c u l t y  in  s e p a ra tin g  
th e  p ro to n s  from the  accompanying e le c tro n s  (see  2*2*6).
However th e  photoproton measurements in  t h i s  re g io n  of 
the  p e r io d ic  ta b le  a re  im p o rtan t, fo r  i t  i s  only  th e se  m easure­
ments which perm it an in v e s t ig a t io n  of d i r e c t  em ission  p ro c e sse s ,
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without the complication of competing evaporation processes
(see 2.5.1). The experiments described below were carried out
for two reasons: firstly, in conjunction with the results of
chapters 2 and 4, to fill in the gap in the knowledge of this
*
region of the periodic table , and secondly to test the validity 
of the various independent particle models.
The cross section measurements were made using a scintill­
ation spectrometer to count the residual activity induced in 
samples irradiated in the brems Strahlung beam. This limited 
the choice of nuclei to those which led to the production of a 
radioactive nucleus after proton emission.
The use of residual activities for the measurement of cross 
sections has several advantages over the more conventional methods 
of detecting the emitted nucleons. They are especially advan­
tageous in (y ,p ) measurements because the problem of different­
iating between photoprotons and the large fluxes of electrons 
(see 2.2.6) is eliminated, although in some cases the required 
residual activity is masked by the more prolific (Y,n) activities. 
Also if the gamma ray beam is monitored by measuring an induced 
activity, the possibility of the beam monitor and the sample 
being irradiated by different parts of the beam can be eliminated.
At the time these measurements were made it was not known that 
Barber et al. (Ba6o) were performing a similar experiment.
- 40-
3.2 Scintillation Spectrometer
The scintillation spectrometer, which was used to measure 
the residual activities, consisted of a well shielded Nal(Tl) 
crystal, 1-J" in diameter by 2" long, mounted on a Dumont type 
photomultiplier. Connected to the base of the photomultiplier 
was a cathode follower, the output of which was fed into a 
Higginbotham non-overload amplifier. The pulse spectrum from 
the amplifier was displayed on a 100 channel Hutchison-Scarrot 
kicksorter.
The crystal shielding consisted of 6H of iron, 3" of Pb 
and 12" of concrete. The inside measurements of the shielding 
were 10" x 10" x 18" and the crystal was situated at the centre 
to minimise back scattering. Some of the early Ta results were 
obtained in a "castle" consisting only of 3" lead with an inner 
sheath of liquid Hg to absorb the lead X-rays. The backgrounds 
for both castles were very similar.
The spectrometer was calibrated with standard gamma ray 
sources and was linear up to 2.6 MeV, which was the highest 
energy gamma-ray source available. The energy resolution of 
the Nal(Tl) crystal and the associated electronics was 9i° for 
the 511 kev Y*-.
3o3 Ta(Y.p)
3*3.1 Method
The photoproton emission from Ta was studied by measuring
F ig u re  5«1
180Decay scheme f o r  Hf and Ta
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180the yield of the 5*5 hour isomer in Hf produced in the
T a ^  (Y,p)Hf180m reac -^j_on# it was not possible to measure
the total proton yield, using residual activities, because
the isomeric level in Hf was not populated in 100$ of the
180disintegrations and the ground state of Hf was not radio­
active. It was estimated (see 3.3*4) that the measured yield 
was approximately 15$ of the total.
The Ta targets consisted of large Ta blocks weighing 65 gms. 
These were wrapped in cadmium to stop thermal neutrons and 
irradiated in the brems Strahlung beam for 1 hour. The residual 
activity was then measured in the scintillation spectrometer.
The main difficulty in measuring the residual activity lay
180min separating the 5*5 hour Hf activity from the more abundant
2.1 hour T a ^ 8 activity, which was produced in the Ta^8  ^(y , 3*0Ta^^
180reaction. In the energy region 200 to 500 kev Hf has Y-ray
lines at 216, 332, 443 and 501 kev, and Ta1^8 has lines at 214,
326, 332 and 427 kev (St58). The decay scheme for these nuclei
is shown in fig. 3*1» At lower energies the Y-ra.y spectrum is
180mdominated by the 8.15 hour Ta activity which is produced in
the Ta^8^(Y,n)Ta^88m reaction. The difference between the two
gamma ray spectra is illustrated in fig. 3*2, which shows tv/o
of the observed spectra. Spectrum B was taken 20 hours after
180spectrum A and corresponds mainly to Hf . The energy shift
in the high energy peak was due to the decay of the 427 kev Ta178
Figure 5.2
180Gamma ray spectra of the 5*5 hr Hf and 2.1 hr
178Ta activities. Spectrum B was measured 20 hr after
Spectrum A and corresponds mainly to Hf180
200 300 400
C H A N N E L
FIG. 3.2
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180line leaving the 443 kev Hf line. The decay of the Y-rays,
an example of which is shown in fig. 3*3» was analysed by a
method of least squares and showed that there were two activities
of approximately 2.1 hours and 5*5 hours corresponding to the 
180 178Hf and Ta activities respectively. The analysis included
a correction for the bremsstrahlung produced by the 0.7 MeV
180ß-particles from the 8.15 hour Ta activity. This correction
was made by irradiating a Ta target at 15 MeV, where there was 
178 180no yield of Ta or Hf , and measuring the bremsstrahlung
180intensity relative to the intensity of the 55 kev Ta peak.
Since the relative intensity was independent of the irradiation
energy, the 55 kev line intensity was used to determine the
bremsStrahlung intensity for higher irradiation energies.
The beam was monitored by measuring the 55 kev X-ray from 
180mthe 8.15 hour Ta activity which was induced in the Ta targets
by the Ta'181 (Y>n)Ta180m reaction (see 2.4).
Because of the comparatively long dead time of the Hutchison-
180mScarrot kicksorter (850yus) and the large yield of Ta it was
180necessary to count the Ta X-ray activity with the Ta targets 
removed 2" from the Nal(Tl) crystal, which reduced the dead time 
correction to less than 10^. The Y-rays from the Ta 1 and Hf 
activities were counted with the targets directly on top of the 
crystal and the Ta X-ray line biased off the kicksorter.
F igu re  5.5
Decay curve f o r  the 5*5 h r  Hf 180 and 2,1 h r  Ta 178
gamma ra y s .
1500 2000
FIG. 3.3
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3*3*2 A bsolute Y ield
1 1  1fiOm
The ab so lu te  y ie ld  o f the Ta (y ,p )H f r e a c t io n  le ad in g
*180mto  the  isom eric le v e l  was measured by comparing the  Hf a c t i v i t y
62w ith  the  9*7 min. a c t i v i ty  in  Cu "" which was ob ta ined  from the
C u^(Y >n)C u^ re a c tio n . This was done by i r r a d i a t i n g  id e n t ic a l ly
shaped Cu and Ta d isk s  a t  '}0 MeV and comparing the in te n s i ty  of
th e  a n n ih i la t io n  quanta from the  Cu w ith  th e  332 kev l in e  in  
100Hf . C o rrec tions were made fo r  is o to p ic  abundance, decay schemes 
(S t5 8 ), s e l f  ab so rp tio n  in  th e  d isk s  and th e  Hal c r y s ta l  
e f f ic ie n c ie s  in  the spectrom eter (Mo58). From th e se  measure­
ments the  number of T a* ^  (Y »p)H f^^m d is in te g r a t io n s  p e r u n it
6 “5 62Cu ^(YjnJCu d is in te g r a t io n  was c a lc u la te d . The a b so lu te  
180my ie ld  of Hf was ob tained  by u s in g  th e se  measurements in
c ■z
co n ju n c tio n  w ith Berman and Brown’ s Cu J (y fn) c ro ss  s e c tio n  
d a ta  (Be54) •
3*3*3 R esu lts
The measured y ie ld  fu n c tio n  and the d e riv ed  c ro s s  s e c tio n  
f o r  the  T a ^  (Y ,p)H f180m re a c t io n  a re  shown in  f i g .  3*4. The 
p o in ts  on the y ie ld  curve were ob ta ined  from a l e a s t  squares 
a n a ly s is  of the  5*5 hour Hf”^ 8 and 2.1 hour T a ^ 8 a c t i v i t i e s .  
This a n a ly s is  was done independen tly  fo r  th e  th re e  main gamma 
ray s  (see  f ig .  3*2) and a lso  fo r  the  sum of th e se  gamma ra y s . 
The fo u r y ie ld  curves were in  agreement except tha,t th e  curve
Figure 5» 4
The yield curve and the derived cross section for 
the T a ^  (Y,p)Hf reaction.
I O -
G A M M A - R A Y  ENERGY ( m «v)  
FIG. 3.4
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obtained from the analysis of the 216 kev line showed a much 
larger scatter of the points# This was attributed to the larger 
correction for the 8.15 hour brems Strahlung activity in this region.
The threshold for the Ta (Y,p) reaction was 6.7 MeV (Wa58) 
which made the threshold of the Ta^3\Y,p)Hf ^ 7*8 MeV (St58). 
However, because of the 12.4 MeV coulomb barrier there was no 
appreciable yield below a Y-ray energy of 16 MeV. The Ta(Y,p) 
reaction leading to the isomeric level in Ilf"*33 has a peak cross 
section of 1.0 mb at a Y-ray energy of 28 MeV and an integrated 
cross section to 52 MeV of 10+2 MeV-mb. Approximately equal con­
tributions to the error came from the analysis of the decay
180curves and from the comparison of the Hf yield with the
62Cu yield. There is a smaller error, 6°/o, in Berman and Brown’s 
(Be54) estimate of the integrated Cu^(Y,n) cross section on 
which the present determination was based.
5.3*4 Discussion
The interesting feature of this cross section was that the
peak occurred at a very high gamma ray energy, higher than in
either mercury or tungsten (see figs. 3*8, 4.10 and 4-11), both
of which are heavier nuclei. It is difficult to explain the
181difference in shapes between the Ta (Y»p) and W(y,p) cross 
sections as they are neighbouring elements and therefore the 
same I.P.M. transitions should be involved.
A logical explanation of the anomalous position of the cross
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section is that it is in some way connected with the defor­
mation of the nucleus and the use of an isomeric transition. 
Wilkinson (Wi58) has indicated that for deformed nuclei there 
is a connection between the absorption process and the spin of 
the residual nucleus. This can be extended to show that the 
isomeric level may be populated preferentially from certain 
regions of the absorption cross section . This explanation 
is supported by the measurements of the Ta (Y,n) reactions.
Results from using the 8.15 hour isomeric transition(Ca59) 
are substantially different from those obtained by detecting 
the emitted neutrons (Sp58; Pa59> Fu58). The isomeric measure­
ments appear to have preferentially selected the higher energy 
peak of the two shown in the neutron results. The difference 
between the methods is too large to be attributed to experi­
ment aJL errors.
It is interesting to compare the results of 5*3*3 with 
those obtained by Barber and Vanhuyse (Ba60), who detected the 
photoprotons from Ta, using a proton spectrometer. Their results 
showed a considerably higher cross section in the region 19-24 MeV
*Wilkinson shows that different types of transitions populate the 
two resonances forming the giant resonance in deformed nuclei. This 
can lead to a difference in the spins of the residual nucleus, de­
pending on which absorption resonance they originated from and hence 
to a preferential population of the isomeric level. This can be 
extended to cover the (Y,p) cross section of Ta if the cross 
section is interpreted as being due to a second higher resonance 
(see chapter 5)*
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but this can be attributed to the fact that they measured the
total (Y,p) cross section whereas here only the cross section
190leading to the isomeric state of Hf was measured. The 
difference in the results supports the hypothesis suggested 
above, that the cross section as measured by an isomeric 
transition may not be truly representative of the total cross 
section.
It was also of interest to evaluate the fraction of disin­
tegrations which proceed through the isomeric level. In view 
of the above discussion this fraction is expected to vary with 
the Y-ray energy. Using the results of Toms and Stephens (To55) 
who measured the yield of photoprotons from a 23 MeV brems- 
strahlung irradiation it was found that the isomeric level was 
populated in 10$ of the disintegrations. The results of Barber 
et al., at J O MeV would suggest a figure of 20$. This large 
variation was not unexpected in view of the difference between 
the shape of the cross sections for the reaction leading to the 
isomeric level and the total (Y,p) cross section.
3*4 Hg201(Y.p)
3.4.1 Method
The cross section for the emission of photoprotons from
200mercury was studied by measuring the 46 min. activity in Au 
produced by the Hg (y ,p )Au reaction. Although Hg has six 
stable isotopes in varying abundance, of which five have (Y,p)
*AV.IAN
V LIBRARY/ / k _%/
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201reactions resulting in radioactive nuclei, only one, Hg , 
was measurable. The other four were discarded because their 
residual activities were masked by the competing Hg(Y,n) 
activities.
The Hg targets consisted of a small glass container 1M
in diameter by -g** deep filled with 80 gms of natural mercury
201containing 1 yjo of Hg (St58). To monitor the beam, one 
inch diameter Ta disks were placed on the front and back 
surfaces of the glass container, which was then wrapped in 
cadmium. The purpose of the cadmium was to prevent the slow 
neutrons from the synchrotron from producing neutron capture 
reactions in the mercury.
These targets were then irradiated for JO min. in the
brems Strahlung beam which was monitored by measuring the 
180m8o15 Ta activity in a similar manner to that described 
in 2.4. After the irradiation the mercury was extracted from 
the container and placed in a glass beaker with an internal 
diameter of 1-g". The beaker was placed on top of the Nal(Tl) 
crystal in the scintillation spectrometer where the residual 
activity was counted. The mercury was placed in the beaker 
to reduce its thickness while counting, thereby reducing the 
amount of absorption in the Hg. This reduction in the thick­
ness of mercury increased the counting rate in the spectrometer 
by 20ffo, The Hg was weighed before irradiation and after counting,
Figure 5»6
Decay curve for the 1*24 MeV Y-ray from the
, «  * 200 decay of Au
Figure 5»5
Decay scheme for the 48 min Au200 activity.
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to guard, against any loss while being transferred from the
sample holder to the beaker.
200Au emits two gamma rays of J6Q kev and 1.23 MeV (St58).
A proposed decay scheme (see fig. 3*5) shows the two gamma rays
are in coincidence and are emitted in 24$ of the disintegrations .
Fig. 3*6 shows a typical spectrum taken four minutes after the
end of the irradiation. The high energy Y-ray at 1.23 MeV was
found to decay with a 48 min. half life and was attributed to 
200the decay of Au . A  typical decay curve is shown in fig. 3*7«
The 3^5 kev line decayed with a half life of 43 min. and this was
attributed to the Hg^°(Y,n) H g ^ ^ m reaction. This reaction com-
200pletely masked the 48 min. 368 kev line from Au . The lower
energy lines were also found to result from Hg(Y,n) reactions.
The energy of the 1.23 MeV line was checked against the 1.17
60and 1.33 MeV lines from Co as there was conflicting evidence 
on its exact energy (St58).
3*4.2 Absolute Yield Measurement
The absolute yield was measured by comparing the 48 min.
200 62Au activity with the 9*7 min. Cu activity from the reaction 
63 62Cu ^(Y,n)Cu . The Cu activity was measured in the same geometry 
as the Au activity. This was done by filling the Hg target holder 
with a homogeneous mixture of 1 gm of Cu and 15 gms of Hgl. This 
mixture was irradiated for 2 min. at JO MeV and then counted in 
the glass beaker in exactly the same way as the mercury. The
beam was monitöred with Ta disks similar to those used to monitor
* decay scheme for Au^° -j_s uncertain and the value of 24$ for 
the number of 1.23 MeV Y-rays has been taken from the results of 
Roy et al. as quoted by Strominger et al. (St58).
Figure 5.7
The gamma ray spectrum following the irradiation of
natural Hg. The 1.24 MeV Y-ray is from the decay of Au^ ^
1 QQniand the O.365 MeV Y-ray is due to decay of Hg formed 
by the reaction Hg200(Y,n)Hg^^m .
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the mercury ir r a d ia t io n s .  The decay o f  the Cu a c t i v i t y  was 
fo llov /ed  c a r e fu l ly  fo r  5 h a lf  l i v e s  to  ensure that th ere  were 
no c o n f l ic t in g  a c t i v i t i e s  from the H gl. Prom t h is  measurement 
which was repeated  s e v e r a l tim es, to g e th er  w ith  the r e la t iv e  
Au208 and Ta^88 a c t i v i t i e s ,  the r a t io  o f the Au288 to  Cu^2 y ie ld s  
was ob ta in ed . S in ce  the two y ie ld s  were measured in  the sarnie 
geometry the o n ly  co r r e c tio n s  th a t had to be made were fo r  i s o ­
to p ic  abundance, decay schemes, gamma ray ab sorp tion  in  the 
ta r g e ts  and th e r e la t iv e  c r y s ta l  e f f i c i e n c i e s  fo r  the Y* and
1.23 MeV gamma r a y s . The a b so lu te  y ie ld  was then determined
63 62u sin g  Berman and Brown* s cro ss  s e c t io n  data fo r  Cu ^(YjnJCu
(B e54).
3 .4 .3 .  R esu lts
The measured y ie ld  curve obtained a t  1 MeV in te r v a ls  i s  shown
w ith the d erived  cross  s e c t io n  in  f i g .  3«8* The p o in ts  on the
y ie ld  curve were obtained  from a le a s t  squares a n a ly s is  o f  the
48 min. Au288 a c t iv i t y .  Each p o in t rep resen ts  th e mean v a lu e
o f a t l e a s t  two sep arate ir r a d ia t io n s .  The cro ss  s e c t io n  was
derived  u s in g  the method d escr ib ed  in  Appendix I .
The cro ss  s e c t io n  shows a very  wide resonance w ith a peak
cro ss  s e c t io n  o f  4.1 mb a t  a gamma ray energy o f  26 MeV. The
in te g r a te d  cro ss  s e c t io n  from threshold  to 32 MeV was 40+10 MeV-mb. 
201The Hg (Y>p ) th resh o ld  was 6.7 MeV (Wa58) and the coulomb b a rr ier  
was 13 MeV (rQ = 1 .5  x 1 0 ~ ^  cm).
Figure 5»8
The yield curve and the derived cross section
the Hg201(Y,p)Au20°for reaction
G AM M A -R AY ENERGY (MeV)
FIG. 3.8
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3.4.4 Discussion
It would appear from the results, in conjunction with the
Cs and I (Y,p) measurements (see 2.5*2) and the W(y ,p ) results
(see 4.4.2 and 4*5*2) that the emission of photoprotons for
nuclei with Z > 50 follows the absorption of photons into a high
energy resonance. If the absorption cross section was only a
giant resonance with a high energy tail where the cross section
was slowly decreasing the (Y,p) cross section would peak at higher
*and higher energies as Z increased . On the other hand if we 
interpret the cross section as being due to a higher resonance 
then there are two factors contributing to the position of the 
peak in the (Y,p) cross section: Firstly the position of the
absorption cross section for this higher resonance, which will
_ i
have an A~ä dependence (see 5*4), similar to the giant resonance; 
and secondly, the coulomb barrier, which will increase with Z.
These two factors will to some extent cancel each other out and 
as a result the peak in the (Y,p) cross section should not vary 
much with A.
It follows from the above arguments that the position of the
(Y,p) cross section in the middle and heavy nuclei should test
the validity of the various I.P.M. The experimental results
mentioned above would indicate a preference to the Carver-Peaslee
calculations (see chapter 5) which suggest a resonance in the region
It is assumed that absorption involving proton transitions will 
have the same general shape as the absorption involving neutron
transitions. However there may be a slight difference in the peak 
positions and a small difference in the absolute magnitude.
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22-50 MeV w ith  the in te g ra te d  a b so rp tio n  c ro ss  s e c tio n  up to  
30$ of th e  g ia n t resonance* The W ilkinson model does no t 
ag ree  so favourably* The resonance which the C arver-P easlee  
c a lc u la t io n s  p lace  a t  25 MeV would be 10-20 MeV h ig h e r in  the  
Y /ilkinson model (see  5*2) and i t  i s  u n l ik e ly ,  a lthough  no t 
im p o ss ib le , th a t  th e  1-quantum t r a n s i t io n s  which form th e  
g ia n t  resonance  w i l l  c lu s te r  in  two w idely  sep a ra ted  re g io n s .
The whole q u e s tio n  of the p o s i t io n  of the  (Y,p) c ro ss  se c tio n  
and h ig h e r resonances in  the ab so rp tio n  c ro ss  s e c t io n  i s  f u r th e r  
d isc u sse d  in  ch ap te r 5*
A comparison of th e  in te g ra te d  c ross s e c tio n  fo r  the
201Hg (Y,p) re a c t io n  w ith  the  p re d ic tio n  o f th e  C arv er-P easlee  
c a lc u la t io n  i s  given in  fig *  5*3* This shows th a t  the  e x p e r i­
m ental r e s u l t s  a re  c o n s is te n t  w ith  the  th e o r e t ic a l  c a lc u la t io n .  
The whole problem of e x p la in in g  the  (Y,p) c ro ss  se c tio n s  fo r  
m iddle and heavy w eight n u c le i  i s  fu r th e r  d iscu ssed  in  5*6*2.
A comparison o f the Hg(Y,p) r e s u l t s  w ith th e  Au(Y,p) c ro ss  
s e c t io n  measured by B arber e t  a l .  (Ba60) shows rea so n ab le  ag ree ­
ment in  view  of the  la rg e  e r ro rs  a s so c ia te d  w ith  both  m easure­
ments* They found the  in te g ra te d  c ro ss  s e c tio n  to  40 MeV was 
75+20 MeV-mb as compared w ith  40 MeV-mb fo r  the  in te g ra te d  c ro ss  
s e c t io n  to  32 MeV measured above.
*
The n o ta t io n  of 1, 2, 3 e t c . ,  quantum t r a n s i t io n s  r e f e r s  to  the  
E1 t r a n s i t io n s  which would correspond to 1, 2 , 3 quantum jumps in  
th e  sim ple harmonic o s c i l l a t i o n  p o te n t ia l  (see  5*1)«
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CHAPTER 4
THE MEASUREMENT OF PHOTONUCLEAR REACTIONS 
IN  TUNGSTEN
4. 1 In t ro d u c t io n
I t  h as  been e s ta b l i s h e d  th a t  th e  y ie ld s  o f p h o to p ro to n s  
from  th e  l i g h t  and m idd le w eigh t n u c le i  may v a ry  s u b s t a n t i a l l y  
in  d i f f e r e n t  is o to p e s  (Bu53> C a59a)• These v a r i a t io n s  can be 
s a t i s f a c t o r i l y  e x p la in e d , p ro v id ed  th a t  a  s u b s t a n t i a l  f r a c t i o n  
o f  th e  p ro to n s  a re  e m itte d  from  a  compound n u c le u s . T h e re fo re , 
i t  i s  o f i n t e r e s t  to  s tu d y  th e  r e l a t i v e  p ro to n  y ie ld s  f o r  two 
is o to p e s  o f  a  heavy e lem en t, in  w hich th e  compound n u c le u s  p la y s  
an i n s i g n i f i c a n t  p a r t  in  th e  em ission  o f p h o to p ro to n s  (W i56).
I f  a  heavy elem ent w ith  two i s o to p e s ,  h av in g  th e  same (Y ,p) 
th re s h o ld  bu t d i f f e r e n t  (Y ,n) th r e s h o ld s ,  i s  s tu d ie d ,  th e n  i t  
would be exp ec ted  from  a  s im ple  indep en d en t p a r t i c l e  model t h a t  
th e  p h o to p ro to n  y ie ld s  would be s im i la r .  However, i f  em issio n  
o f th e  p ro to n s  in v o lv e s  th e  fo rm a tio n  o f a  compound n u c le u s , 
th e n  th e  d i f f e r e n c e  in  th e  n e u tro n  e n e rg ie s  w i l l  a f f e c t  th e  
r e l a t i v e  p r o b a b i l i t i e s  o f p ro to n  em issio n .
A s tu d y  o f  th e  p h o to d is in te g r a t io n  p ro c e s se s  in  tu n g s te n  
p e rm its  a  measurement o f th e  p h o to p ro to n  y ie ld  from  d i f f e r e n t  
is o to p e s .  T his can be done, u s in g  n a tu r a l  tu n g s te n , by m easur­
in g  th e  a c t i v i t i e s  from  th e  r e s id u a l  n u c le i .  S ince  th e  p h o to ­
d i s in t e g r a t i o n  o f tu n g s te n  had n o t been m easured p r e v io u s ly ,  i t
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was decided also to measure a (Y,n) cross section in one of
lr
the isotopes. The (Y,n) reaction in was the only suitable
one as the others either gave stable residual nuclei or the 
residual nuclei could also be formed by a (Y>2n) or (Y,3n ) 
reaction in another isotope of W.
4.2 Decay Schemes
Before attempting the measurement of yield curves and 
cross sections it was essential to understand the complex 
Y-ray spectra that were obtained after irradiating natural 
tungsten. Since all the activities produced have been previously 
studied, mainly by neutron capture reactions, the gamma ray 
spectrum associated with each of the individual isotopes was 
fairly well known. The Y-ray spectra observed following 
irradiation with a bremsstrahiung beam, were studied to see 
whether they were consistent with those obtained from other 
reactions and by using enriched isotopes.
Table 4.1 shows the tungsten isotopes together with their 
abundances and (Y,n) and (Y,p) threshold energies. Table 4*2 
lists the important photonuclear reactions and the half life
of the residual nucleus.
Figure 4.1
The gamma-ray spectrum obtained from a series of 
2 min irradiations of natural tungsten and counting 
for 2-g- min., 1 min after the irradiations* The 
gamma rays are mainly due to the decay of
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Table 4.1
ISOTOPIC ABUNDANCE MD THRESHOLD ENERGIES IN W
I s o to p e Abundance (Y ,n ) T h re sh o ld  
(MeV)
(Y ,p ) T h re sh o ld  
(MeV)
w 180 0 .135 (6 .9 ) (5 .6 )
w 182 2 6 .4 7 .9 7 .0
OO V_N 14 .4 6 .7 7 .7
w 184 3 0 .6 7 .4 7 .7
w 186 2 8 .4 6 .4 8 .0
T hresho ld  v a lu e s  o b ta in e d  from  W apstra (Wa58); numbers in  
b ra c k e ts  from M e tro p o lis  e t  a l .  (Me50).
M easurem ents o f  Y -ray  s p e c t r a  were made from  a  s e r i e s  
o f  i r r a d i a t i o n s  a t  J>0 MeV. The decay  of th e  gamma ra y  s p e c tr a  
o b ta in ed  a f t e r  th e s e  i r r a d i a t i o n s ,  was fo llo w ed  u n t i l  th e  main 
a c t i v i t i e s  had decayed  a lm ost co m p le te ly .
The i n i t i a l  i r r a d i a t i o n s  were f o r  2 min. and th e  r e s u l t a n t  
gamma ra y  s p e c t r a  showed two Y -rays a t  125 and 175 kev r e s p e c ­
t i v e l y  and th e  55 kev W X -ray . (See f i g .  4 .1 ) .  The decay  o f  
th e s e  l i n e s  (s e e  f i g .  4*2) showed th a t  th e y  were m ain ly  due to  
a  s h o r t  l iv e d  a c t i v i t y  (~  2 m in .) .  The 55 and. 175 kev l i n e s  
a ls o  c o n ta in ed  lo n g e r  l iv e d  a c t i v i t i e s  b u t th e s e  were n o t 
s t r o n g  enough to  m easure th e  h a l f  l i v e s .
Figure 4.2
The decay of the gamma rays observed after a two min 
irradiation (see fig. 4.1).
Curve A is the decay of the X-ray, Curve B the 175 kev
line and C the 125 kev line
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Table 4*2
PHOTONUCLEAR REACTIONS IN W
Reaction Half Life
w180(r,n)w179 30 min.
(r,n)W179m 5 min.
W 182(Y,n)W181 145 days.
(Y,np)Ta180m 8.15 hours.
W185(Y,p)Ta182m 16.5 min.
(T,p)Ta182 115 days.
(r,2n)W181 145 days.
W 184(Y,p)Ta185 5.2 days.
(Y,np)Ta182m, Ta182 16.5 min, 115 days
W186(Y,p)Ta185 49«5 min.
(Y,n)W185m 1.8 min.
(Y,n)W185 74 days
-< £ 6? C
D
8 hours
The next series of runs were 30 min, irradiations and the 
Y-ray spectra from these indicated more Y-rays and several half 
lives. A series of typical spectra recorded during the decay 
of the Y-rays is given in figure 4*3 and the decay of the main 
Y-rays in figure 4.4. Figure 4*3 clearly shows there are 4 main 
Y-rays at 125» 175» 220 and 240 kev and an X-ray line. Above J00 
kev there was evidence of further Y-rays but these were too low 
in intensity to be resolvable. The decay curves were analysed 
by a method of least squares assuming that all the Y-rays had
Figure 4» 5
Some typical gamma ray spectra observed after a JO min 
irradiation of natural tungsten.
Spectrum A is a two minute count at t = 1 (t = 0 is at 
the end of the inradiation), B is a 15 min count at t = JO, 
C is a 25 min count at t = 120 and I) is a 25 min count at
t = 500.
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Figure 4.4
The decay of the main gamma rays observed in figure 4.3 
A - X-ray 
B - 130 kev (x2)
C - 240 kev
I) - 175 kev
E - 220 kev
The analysis of the decay curves for the components of 
the different half lives is given in table 4*3
C
O
U
N
T
S
/M
IN
U
T
E
400
400
T IM E  (min)
FIG. 4.4
- 56-
com ponen ts w ith  th e  fo llo w in g  h a l f  l i v e s :  1 ,8 5  m in . ,  5 m in .,
1 6 .5  m in . ,  49 m in . ,  522 m in . and g r e a t e r  th a n  1 d a y . The 
r e s u l t s  o f  t h i s  a n a ly s i s  a re  g iv e n  i n  t a b l e  4*3> w hich shows 
th e  v a r io u s  h a l f  l i f e  com ponents o f  e a ch  gam m a-ray.
T a b le  4 .5
INTENSITIES OF THE Y-RAY COMPONENTS
Y -ra y  e n e rg y
1 .85
H a lf-
5
■ life
1 6 .5
(m in u te s )
49 522 1440
X -ra y 9000 3900 0 7200 150 260
135 2500 0 0 376 51 14
175 3000 0 0 2638 0 69
220 0 980 0 140 47 28
245 0 300 0 400 60 42
The num bers i n  th e  body o f  th e  t a b l e  a r e  th e  c o u n t r a t e s  p e r  
m in u te  o f  th e  v a r io u s  h a l f  l i f e  com ponents f o r  each  Y -ra y  a t  
th e  end o f  th e  30 m in . i r r a d i a t i o n .
A f i n a l  s e r i e s  o f  i r r a d i a t i o n s  l a s t i n g  12 h o u rs  was made 
to  d i s e n t a n g le  th e  lo n g  l i v e d  com ponen ts . A f te r  w a i t in g  s e v e r a l  
day s f o r  t h e  s h o r t  l i v e d  a c t i v i t i e s  to  d e c a y  away t h e r e  rem a in ed  
t h r e e  d i s t i n c t  Y -ray s  a t  245> 480 and 680 k ev  ( s e e  f i g .  4 .5 )»  
Below 240 kev  th e r e  w ere th e  X -ray  and  a  l a r g e  number o f  s m a l le r  
p e a k s . The 160 kev  peak  was th e  sum o f  s e v e r a l  u n re s o lv e d  gamma 
r a y s  w ith  e n e r g ie s  b e tw een  130 and 165 k e v , and  t h e r e  w ere sm a ll 
p e a k s  a t  100 k ev  and 200 k e v . The d e c a y  o f  th e  t h r e e  h ig h  en e rg y
Figure 4*5
Gamma ray spectra observed 3 days after a 12 hoar
irradiation of natural tungsten. The low energy
183Y-rays are mainly due to the Ta activity and
1A 7the two high energy Y-rays are from W
3
0
0
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lines is shown in fig* 4.6. The 480 and 680 kev lines have 
a 24 hour half life and the 245 kev line has 24 hour and 5 day 
components.
From these measurements the following conclusions were 
reached regarding the various observed activities;
4.2.1 W18 m^
This activity has been measured several times (Po55> Du50;
Mo60) and the reported half lives range from 1.65-1.85 min.
Gamma rays have been reported at 75» 100, 125 and 175 kev and
an X-ray line at 55 kev (Mo6o). The two high energy lines and
the X-ray were seen (see fig. 4.1) but the intensity of the
other two Y-rays was too weak. The intensity of the Y-rays
was consistent with the reported values. A measurement of
the half life was made from a series of 2 min. irradiations
and gave 1.85+0.05 min. In making the half life measurements
a special dead-time correction factor was used to allow for
the decay of the sample while counting (see Appendix i). A
proposed decay scheme (M59)» given in fig. 4*7» shows the
1851.85 min. isomeric level feeding the 3^0 kev state in W .
The energy of the isomeric Y-ray is unknown.
4.2.2 W 18^
185 185W decays directly to the ground state of Re with a
74 day half life by emitting a 0.43 MeV ß-particle in over
99*9$ of the disintegrations (Wi57)» A 125 kev Y-ray associated
Figure 4.6
The decay of the 245 (A), 432 (B) and 686 (c) kev
5*2 d.
24  hr.
FIG. 4.6
Figure 4.7
Decay scheme of and W * ^ m taken from the
Nuclear Data Sheets
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with a weak O.307 MeV ß-particle (0.02?&), which feeds the first
1 ARexcited state in Re , has been reported (Co49)« The beta- 
particles from an irradiated tungsten sample were counted in a 
thin end window Geiger counter and the activity followed for 90 
days. After the short lived activities had decayed away, the 
half life of the ß-activity was found to be 75+5 days (see 
fig. 4.8) which was in agreement with the reported value. No 
absorption measurements were made to determine the ß-particle 
energy because of the low intensity.
4.2.3 Ta18^
a o c
The decay scheme of Ta ''(see fig. 4*7) appears to be well 
understood. It has a 49 min. half life and apart from the K 
X-ray there are five Y-rays at 75» 100» 155» 175 and 245 kev. 
The proposed decay shceme is based on the work of Morinaga et 
al. (Mo60). Table 4.3 shows Y-rays with a 49 min. half life 
at 135» 175 and 245 kev and with intensities consistent with 
the previous measurements. There is a small peak at 100 kev
185
(see fig. 4*3) which is probably due to the decay of Ta 
The small 49 min. component in the 220 kev line is due to the 
Compton edge of the 245 kev line. A Y-Y coincidence measure­
ment shows that the 135 and 245 kev Y-rays are in coincidence 
with the 175Y-ray.
4.2.4 Ta183
Prom the series of 12 hour irradiations it was found that
Figure 4.8
Decay curve for the 0,43 MeV beta-particles from 
the decay of
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th e re  were th r e e  Y -rays a t  100, 165 and 245 kev , w hich had a
h a l f  l i f e  o f  5*1 days co rre sp o n d in g  to  th e  r a d io a c t iv e  decay
185 183 o f  Ta . B ecause o f th e  complex n a tu re  o f th e  decay  o f Ta
(Du53)> "the observed  Y -rays were th e  sum o f  s e v e ra l  u n re so lv e d
Y -ra y s . The peak  a t  245 kev w as, i n  f a c t ,  th e  sum o f  two Y -rays
a t  244 and 246 k e v re s p e c t iv e ly ,  w h ile  th e  b ro ad  low energy  l i n e s
w ere even more com plex. However, th e  co m p lex ity  o f th e  5 day
Y -ray  sp ectrum  should  n o t a f f e c t  th e  m easurem ent o f th e  y ie ld
o f  Ta185.
A l e a s t  sq u a re s  a n a ly s i s  o f th e  decay  cu rv es  o f th e  245 kev 
l i n e  gave a  v a lu e  o f  5«1+0.2 days fo r  th e  h a l f  l i f e  (see  f i g .  4*5). 
4 .2 .5  Ta182m
R e c e n tly  a  com prehensive s tu d y  was made by Sunyar and Axel
182(Su60) o f  th e  decay  of th e  16 m in. isom er o f  Ta form ed by th e  
r e a c t io n  Ta ' (n ,Y )Ta They found f iv e  Y -ray s  a t  147» 172,
184, 319  and 356 kev o f w hich th e  184 kev one was th e  s t r o n g e s t .
The a n a ly s i s  o f  th e  decay  cu rv es  g iven  in  t a b le  4 .3  shows th a t  
th e r e  was no ev idence  o f t h i s  a c t i v i t y .  I t  can th e re fo re  be con­
cluded  th a t  th e  iso m e ric  l e v e l  i s  o n ly  p o p u la te d  in  a  sm all p e r -
182cen tag e  o f  th e  p h o to d is in te g ra t io n s  w hich have Ta as  th e  
r e s id u a l  n u c le u s .  T h is  i s  no t s u r p r is in g  s in c e  th e  s p in  o f th e  
iso m e ric  l e v e l  i s  8+, th e  ground s t a t e  3“ and th e  ground s t a t e  
o f  W185 (Su60, Ma50).
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4.2.6 W 179m
179Very little is known about the isomeric level in W . It
179has been reported (Ro56) to decay to the ground state of W 7
179by emitting a 220 kev Y-ray with a half life of 5 min. W is
a difficult element to study as it can only be produced by the
180(Y,n) reaction in W which is a 0.1^ isotope, or a (y,3n) 
reaction in W^88.
The analysis of the 220 kev line (see table 4.3> fig- 4.4) 
clearly indicates that there is a short lived component. The 
possibility of it being a 1.85 min. Y-ray from W^89m can be 
eliminated as it was not obvious in the short irradiations and 
was not seen by Morinaga et al. (Mo60), The decay curve shows 
that the half life is definitely less than 10 min. An accurate 
determination of the half life was not possible because of the 
complex nature of the decay of the 220 kev line but the best 
estimate would put it between 5 and 7 min.
4.2.7 W187
The two Y-rays at 480 and 685 kev found in the 12 hour 
irradiations could not be attributed to any known photodisin­
tegration reaction in tungsten. They were found to decay with
a 24 hour half life (see fig. 4.6) and were therefore associa/ted
187 186with the decay of W which is formed by neutron capture in W
There are also other low energy Y-rays emitted in the decay of
W (Du57) but apart from one at 155 kev they would have too
- 61-
low an intensity to be seen. In the region of 135 kev the
185Y-ray spectra were complicated by the Y-rays from Ta .
However the line shape of the broad 165 kev line altered
with time, and this was consistent with the low energy
portion of the line decaying at a faster rate.
This activity proved annoying in the measurements of 
183the Ta activity. At low excitation energies it was
necessary to wait six to seven days before it was possible
183to count the five day Ta activity.
4.2.8 Conclusions
The complex structure of the Y-ray spectra obtained 
from irradiating natural tungsten targets with a bremsstrahlung 
beam can be satisfactorily explained from the knowledge of the 
individual residual activities. The results support the evi- 
dence that W y decays to the ground state by emitting a 
0.22 MeV Y-ray with a half life of ~ 6 min.
As a result it was decided to measure the following photo- 
nuclear reaction cross sections:
i) w186(r,n)w185m
ii) w186(r,P)w185
iii) w 184(y,p)w 183
; w186(r,n)w185
4.3*^ Method
This reaction was studied by measuring the reaction
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W^8 ^(Y,n)W^8 ^m, le a d in g  to  th e  1*85 min. iso m e ric  l e v e l  in  W^ 8 ^.
186/ \ *From t h i s  th e  shape o f th e  W (Y ,n) c ro ss  s e c t io n  was o b ta in e d  •
The a b s o lu te  y i e ld  was found by c o u n tin g  th e  74 day W " ß - p a r t i c l e s .
The tu n g s te n  t a r g e t s  c o n s is te d  of fo u r  tu n g s te n  f o i l s  
0 .7 5 "  x 0 .7 5 "  x 0 .0 4 "  and a  Ta m o n ito r f o i l  (0 .7 5 "  x 0 .75" x 0 .0 1 ") 
was p la c e d  on e i t h e r  s id e  to  m o n ito r th e  b rem sS trah lu n g  beam.
T h is  was e n c lo se d  in  cadmium f o i l  to  red u ce  th e  p r o b a b i l i t y  o f 
n e u tro n  c a p tu re  r e a c t io n s  and th e n  i r r a d i a t e d  f o r  two m in u te s .
A f te r  i r r a d i a t i o n  th e  tu n g s te n  f o i l s  w ere sp re a d  over th e  
to p  o f th e  Tg" d ia m ete r by 1" lo n g  N a l(T l) c r y s t a l  in  th e  s p e c tro ­
m eter and th e  decay o f th e  1.85 min. a c t i v i t y  fo llo w ed  f o r  tw enty  
m in u te s . To f a c i l i t a t e  th e  re c o rd in g  o f d a ta ,  o n ly  th e  X -ray  l i n e  
was re c o rd e d  on th e  k i c k s o r t e r .  The i n t e n s i t y  o f  th e  175 kev l i n e  
was m easured u s in g  a  s in g le  channe l a n a ly s e r ,  th e  o u tp u t o f  which 
was re c o rd e d  on a  s c a l e r .
4*3*2 A b so lu te  Y ie ld  M easurem ents
The a b s o lu te  y ie ld  o f th e  r e a c t io n  W^ 8 ^(Y,n)W^8 ^m was m easured 
by com paring th e  y ie ld  o f  th e  175 kev Y -ray , from th e  decay o f
1 P Pry»
W , w ith  th e  y ie ld  o f  the  p o s i t r o n  a n n ih i la t io n  q u an ta  from
62th e  9*7 m in. Cu a c t i v i t y ,  w hich was induced  in  Cu f o i l s  by the
r-, /rp
r e a c t io n  Cu ;>(Y ,n)Cu . For t h i s  measurem ent W f o i l s  0 .003" th ic k
and Cu f o i l s  0 .001" th ic k  were i r r a d i a t e d  to g e th e r  a t  jONLeV f o r  
2 m in. and th e  r e s u l t i n g  a c t i v i t i e s  coun ted  in  th e  Nal sp e c tro m e te r
Mr
The shape o f th e  c ro s s  s e c t io n  m easured from  th e  decay  o f  an  iso m eric  l e v e l  
i s  n o t n e c e s s a r i ly  th e  same a s  th e  shape o f  th e  t o t a l  c ro s s  s e c t io n  (se e
-63
(see 3*2). Before the Cu foils were counted in the spectrometer,
62they were placed between 0.035" of Cu to ensure that the Cu 
positrons annihilated near the Cu foils. These results vrere used 
in conjunction with the Cu :>(Y,n)Cu _ results obtained by Berman 
and Brown (Be54) to calculate the absolute yield. For the purpose 
of the calculation the number of 175 kev Y-rays per 100 disin- 
tegrations of W  ^ was taken to be 44 (M06O).
The measurement of the absolute yield of the reaction
1 8 6  1 orW (Y,n)W " was obtained by comparing the yield of the 0.43 MeV
1RRß-particle, from the decay of W , with the yield of Cu , and 
using Berman and Brown's results (see above). To measure the yield 
of the 0.43 MeV ß-particles, a 0.003” tungsten disk and two 0.001" 
Cu foils were irradiated at 30 MeV. The W activity was counted
62between two thin end window Geiger counters and the Cu Y1" counted 
in the scintillation spectrometer.
To compare the efficiency of the Geiger counters with that 
of the spectrometer, a radioactive source of Co^8 was prepared 
from the reaction Co^^(Y>n)Co^^. Co^8 decays emitting a 0.48 
MeV positron. Therefore, by counting the Co^8 in both the Geiger 
counters and the spectrometer a direct measurement of the relative 
efficiencies for the two counters for 0.48 MeV positrons was
3.3«4) but it has been assumed here that the two shapes are 
identical
- 64-
o b ta in e d . By making a sm all c o rre c t io n  fo r  th e  energy d if fe re n c e
between the  0,43 MeV b e ta  p a r t i c le s  and th e  0.48 MeV p o s itro n s , i t
was p o s s ib le  to  r e l a t e  th e  count r a te  o f th e  tu n g sten  in  the  Geiger
co u n te rs  to  th e  count r a te  of the copper in  the sp ec tro m ete r. I t
was a lso  n ecessa ry  to  make a c o rre c t io n  fo r  the th ic k n e ss  of the
W and Co d is k s . The c o rre c t io n  was made u s in g  th e  r e s u l t s  of
1 fl R
Baker and Katz (Ba53)* The ab so lu te  y ie ld  of W J was a lso  measured
62by co u n tin g  th e  Cu p o s itro n s  in  the  G eiger c o u n te rs , u s in g  the
r e s u l t s  o f Baker and Katz to  c o rre c t fo r  th e  d if fe re n c e  in  the
62 185energy  between the  Cu p o s i tro n  and the  Vi  ^ b e ta  p a r t i c l e .  The 
r e s u l t s  from the  two methods d if f e r e d  by 10$.
4.3*3 R esu lts
The y ie ld  curve fo r  the  1.85 min. a c t i v i t y  which was ob ta ined
a t  1 MeV in te rv a ls  of the  b rem sstrah lung  energy, and th e  derived
c ro ss  s e c tio n  a re  shown in  f i g .  4*9* Each y ie ld  p o in t was the
average of a t  l e a s t  th re e  i r r a d ia t io n s  fo r  which th e  X -ray l in e
and 175 kev Y -ray were analy sed  s e p a ra te ly . Also some d a ta  from
th e  counting  o f ß - p a r t ic le s  a re  shown. These have been a r b i t r a r i l y
norm alised  and in d ic a te  th a t  the  y ie ld  curve in  the  re g io n  22-32 MeV
185was the  same fo r  th e  1.85 min. and 74 day W a c t i v i t i e s .  Below 
22 MeV th e  in te n s i ty  o f th e  ß - p a r t ic le s  was too low to  make 
a c c u ra te  m easurements.
186 185 The W (y ,n ) r e a c t io n  lead in g  to  the  1.85 min. isom er in  W
has a  peak c ro ss  s e c tio n  of 5*5 mb a t  a Y -ray energy o f 14 MeV
F ig u re  4 .9
The y ie ld  curve and th e  d e r iv e d  c ro s s  s e c t io n  f o r
th e  W186(r,n )W 185m r e a c t io n .  The p o in ts  marked X a re
o b ta in e d  from th e  c o u n tin g  o f th e  b e ta  p a r t i c l e s  from
185th e  d ecay  o f  th e  ground s t a t e  o f W . These p o in t s  
have been  n o rm a lised  so t h a t  th e  24 MeV p o in t  l i e s  on
th e  y i e ld  cu rv e .
in
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and an integrated cross section to 32 MeV of 40 MeV-mb. Assuming
1 ft sthe same cross section shape for the total W ^(Yjn) reaction, 
the integrated cross section obtained from the ß-particle counting 
was 3500 MeV-mb. This makes the relative poioulation of the iso­
meric level 1.1 °/o.
4.4 W186(T.p)Ta'185 
4.4*1 Method
The yield of the reaction w"'8 )^(Y>p)Ta"'8'* was obtained from
185measuring the 50 min. activity in Ta ' . The tungsten targets
*1 Qand monitoring foils were the same as those used in the W  ^
measurements and the same counting method was used (see 4*3»‘0»
The targets were irradiated for 30 min. and the activity was 
followed for 8 hours.
185The intensity of the 50 min. Ta activity was measured by 
counting the 175 kev Y-ray, which was the most abundant Y-ray 
apart from the K X-ray (see fig. 4.3 and table 4.3)* The X-ray, 
which was almost twice as abundant as the 175 kev Y-ray had the 
disadvantage of having large amounts of long lived activities, 
which gradually increased through the repeated use of the 
tungsten targets.
1 ft ftThe absolute yield of Ta  ^was found in a similar manner 
to the 2 min. w"*8  ^absolute yield (see 4*3*2)• The 175 kev line 
was used and it was assumed that there were 44, 175 kev Y-rays 
per 100 Ta"'8'* disintegrations (Mo60).
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4.4o2 Results
The measured yield curve and the derived cross section are 
shown in figure 4*10, The points on the yield curve were obtained 
by a least squares analysis of the decay curves of the 175 kev 
Y-ray. Each point represents the mean of at least two irradiations.
186 i q cThe cross section for the W (Y,p)Ta  ^reaction showed a broad 
resonance 7 MeV wide (full width at half height), peaking at 
22o5 MeV. The peak cross section was 6 mb and the integrated 
cross section to 32 MeV was 55+11 MeV-mb.
4.5 W 184(Y.p)Ta18?
4.5.1 Method
Ta18  ^decays to W^8^ with a 3*1 day half life and this
■10 4 •lO'Z
activity was used to measure the yield of the reaction W (y,p)Ta .
The experimental set up was the same as that used in measuring the
186photodisintegration of W (see 4.3«1). The targets were irradi­
ated for a total of 12 hours. The irradiation period consisted of 
two six hour irradiations and new Ta monitoring foils were used 
for the second half of the irradiation. The activity in the W
targets was then followed for at least twenty days.
183The 245 kev Y-ray was used to measure the Ta activity
187because it had no confusing activities after the 24 hour W
183activity had decayed away and it was the most abundant Ta
gamma ray. It was necessary to wait at least five days before
187the 5 day activity could be counted because of the W activity.
iT UßfiARr tS
Figure 4»10
The yield curve and the derived cross section 
for the W^8^(Y»p)Ta^8  ^reaction.
Figure 4.11
The yield curve and the derived cross section 
for the W 18^(Y,p)Ta18^ reaction.
8FIG. 4.10
lü
>
GAMMA “ RAY ENERGY (m «v)
FIG. 4.11
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183The a b s o lu te  y ie ld  of Ta was c a lc u la te d  on th e  assu m p tio n
t h a t  th e  245 Y -ray  c o n ta in e d  th e  244 and 246 kev and p a r t  o f th e
210 and 290 kev  t r a n s i t i o n s .  The r e l a t i v e  Y -ray  yields w ere ta k e n
from  th e  decay  scheme proposed  by Dumond e t  a l .  (Du53) and th e
183number o f  246 Y -ray s  p e r  100 Ta decays assumed to  be 2 6 .4  
(M 5 9 ) .
4 .5*2  R e s u lts
184 186The W +(Y ,p ) r e s u l t s  w ere v e ry  s im i la r  to  th o se  o f W (Y ,p ).
The c ro s s  s e c t io n  and th e  y ie ld  curve f o r  th e  r e a c t io n  a re  shown
in  f ig u re  4 .1 1 . The c ro s s  s e c t io n  h as  a  peak v a lu e  o f  7 nib a t
22*5 MeV, an  in te g r a te d  v a lu e  to  32 MeV o f 65+12 MeV-mb and a
w idth  o f  7 MeV. The main c o n t r ib u t io n s  to  th e  e r r o r  came from
th e  a n a ly s i s  o f th e  decay cu rv es  (5$)» th e  d e te rm in a tio n  o f  th e
62a b s o lu te  yield r e l a t i v e  to  th e  Cu " y ie ld  (18^) and a  sm all e r r o r
(6$) in  Berman and Brow n's (Be54) e s tim a te  o f th e  in te g r a te d  
6 3 /  \Cu ^Y,nJ c ro s s  s e c t io n  on w hich th e  p r e s e n t  c a lc u la t io n s  a re
186made. These same e r r o r s  a ls o  ap p ly  to  th e  ¥  (Y>p) m easu re-
186ment d e s c r ib e d  i n  4 .4 .  The r e l a t i v e  e r r p r  betw een th e  W (Y ,p)
1 ft R
and W ^(Y ,p) c ro s s  s e c t io n s  i s  s m a lle r  (7°/<>) •
4 .6  D isc u ss io n
186 184A com parison  of th e  r e s u l t s  f o r  W and W in d ic a te s  
t h a t  th e re  i s  no s i g n i f i c a n t  d i f f e r e n c e  betw een th e  (Y>p) 
c ro s s  s e c tio n s  f o r  th e  two n u c l e i .  The sm all d i f f e r e n c e s  
in  th e  shapes cou ld  be e n t i r e l y  due to  ex p e rim e n ta l e r r o r s
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in the measured yield curves. These results are in agreement
with the accepted theory that the photoprotons from heavy
nuclei are due to direct interactions and not to compound
nucleus formation. This is also supported by the large
W (y,n) cross section. The compound nucleus theory would
predict that the (Y,n) cross section would fall rapidly to
186zero just above the (Y,2n) threshold, which for W is 14 MeV, 
The fact that there is still a large cross section well above 
this threshold energy indicates that some nucleons are emitted 
by a direct interaction.
The fact that the peak in the (Y,p) cross section is
at a lower energy than in Cs and I (see 2*5*2) is consistent
with the idea that the absorption of photons in this region
*is due to J-Quantm1 transitions . The idea that 
transitions play an important part in explaining the region 
above the giant resonance is discussed in chapter 5> where 
the comparison of measured integrated (Y,p) cross sections 
for heavy nuclei is also made.
*
For the definition of 5“luanf^i transitions see 5*1
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CHAPTER 5
THREE QUANTUM TRANSITIONS
5*1 Introduction
In considering the nuclear E1 giant resonance little 
attention has been paid to the question of higher resonances 
than the first. Actually higher E1 resonances, of exactly 
the same character as the first but of smaller intensity, 
should exist on both the classical (Da5l) and shell model 
calculations (Wi56). In the classical model of vibrating 
fluids, the ratio of the first overtone to the fundamental 
frequency is:
W„/W = 2 .8 6V o
and the corresponding ratio of peak heights (Da5l) is:
a./a s 2rfoV o
In the shell model picture E 1 excitation may in principle 
promote nucleons to the next, 3rd next, 5th next ... shells in 
accord with parity conservation; such transitions will be 
called "one-quantum, three-quantum, five-quantum ... jumps."
For the ideal harmonic oscillator (l.H.0.) the associated 
frequencies are in the ratio:
W1 :W5 :W5 . . .  = 1 : 3 * 5  . . .  ,
while the corresponding matrix elements are in the ratio 1 : 0 : 0  ... 
Of course nuclei are not ideal harmonic oscillators, but explicit
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c a lc u la t io n s  f o r  a square w ell (Wi56) suggest th a t  
j" Ojdw/  CT^ dw — 3$ . These e s tim a te s  o f high frequency  and 
low c ro ss  s e c tio n  have a p p a re n tly  d iscouraged  in te r p r e ta t io n  
o f any ex p erim en ta l d a ta  in  term s o f , say , 3-quantum jumps.
Although th e  overlap  in te g r a ls  fo r  3-quantum t r a n s i t io n s  
may be sm all r e l a t i v e  to  those  o f th e  1-quantum , th e  a c tu a l 
t r a n s i t io n  s tre n g th s  summed over a l l  t r a n s i t io n s  are  g re a t ly  
enhanced fo r  3—q.^an-tuun t r a n s i t io n s .  This i s  due to  two e f f e c t s :  
( i )  The t r a n s i t i o n  s tre n g th  i s  p ro p o r tio n a l to  th e  t r a n s i t io n  
energy and u s in g  a sim ple c l a s s i c a l  model, th e  3-quantum 
t r a n s i t io n s  a re  in c reased  by a  f a c to r  of th re e  r e l a t i v e  to  
th e  1-quantum t r a n s i t io n s ,  ( i i )  Due to  th e  P a u li p r in c ip le  
th e re  a re  more p o ss ib le  3-quantum than  1-quantum t r a n s i t io n s .  
This in c re a se s  th e  summed 3-quantum t r a n s i t io n  s tre n g th  by a 
f a c to r  o f two fo r  l i g h t  n u c le i and n e a r ly  th re e  f o r  heavy 
n u c le i .
The o b je c t h e re  i s  to  suggest th a t  the  e a r l i e r  e s tim a te s  
of frequency and c ro ss  s e c tio n  should be s u b s ta n t ia l ly  m odified 
and tha,t 3-quantum jumps p rov ide  an in te r p r e ta t io n  o f th e  d a ta  
p resen ted  in  ch ap te rs  2 , 3 and 4*
5.2  The Independent P a r t i c le  Model
The n u c le a r  p h o to e ffe c t has been su c c e s s fu lly  exp lained  
u s in g  a model in  which th e  photon energy i s  absorbed  by a s in g le  
nucleon which i s  ra is e d  to  a  h ig h e r energy le v e l  by an E1
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t r a n s i t i o n .  This model only co n sid e rs  s h e l l  model s t a t e s  and 
th e  t r a n s i t io n  s tre n g th s  of a l l  th e  E1 t r a n s i t io n s  ( in c lu d in g  
3-quantum, 5-quantum . . .  ) can be ev a lu a ted  by th e  fo llo w in g  
equations
( 1)1-^1 +1 
where
Ef  - Ei
p i , i
DeH
A
DfR
(Ef  -  t ±)T T B, R<
th e  t r a n s i t io n  energy^
sp in  o r b i t  coup ling  enhancement f a c to r ,
N/A fo r  p ro to n  t r a n s i t io n  )
) e f f e c t iv e  charge, 
Z/a fo r  n eu tro n  t r a n s i t io n  )
square o f th e  r a d i a l  overlap  in te g r a l  f o r
d ip o le  t r a n s i t io n s ,  andA i  V^f ^
where lj/  ^ and y^ a re  th e  i n i t i a l  and f i n a l  s t a t e  wave fu n c tio n s . 
The in te g ra te d  a b so rp tio n  c ro ss  s e c tio n  i s  o b ta ined  by summing 
over a l l  p o s s ib le  E1 t r a n s i t io n s :
'OD/ö dE = Z o W + 1 ( 2 )
A
To ev a lu a te  D|R, W ilkinson (Wi56) assumed th a t  th e  n u c lea r
case
p o te n t ia l  was an i n f i n i t e  square w e ll, in  w hich /the  r a d ia l  p a r t  
of th e  wave fu n c tio n  i s  a sp h e r ic a l  B essel fu n c tio n . Although 
th i s  p o te n t ia l  i s  u n r e a l i s t i c  i t  has the advantage o f s im p lic i ty , 
in  th a t  the  e x c ited  s t a t e  wave fu n c tio n  i s  known and th e re fo re
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th e  energy o f th e  t r a n s i t io n  i s  fixed.« The e f f e c t  o f u s in g  a 
f i n i t e  square w ell was in v e s t ig a te d  hy Rand (Ra57)> who found 
th a t  th e  1-quantum t r a n s i t io n s  a re  approx im ately  th e  same as 
th o se  ob ta ined  from th e  i n f i n i t e  square w ell and th a t  the 
energy le v e ls  a re  a  l i t t l e  more compact« The problem of 
3-quantum t r a n s i t i o n  s tre n g th s  was n o t in v e s t ig a te d  fo r  the  
f i n i t e  w e ll, bu t was assumed to  be s im ila r  to  th e  i n f i n i t e  
s q u a re /p o te n t ia l .
2
W ilkinson ta b u la te d  th e  v a lu es  o f D^ R and th e se  show 
th a t  the s tre n g th  o f a 3-quantum ov erlap  in te g r a l  i s  about 
0 . 4 of  the  correspond ing  1-quantum t r a n s i t i o n .  T his means 
th a t  th e  in te g ra te d  c ro ss  s e c tio n  f o r  3-quantum t r a n s i t io n s  
can account fo r  about 3°/° o f the  t o t a l  a b so rp tio n  c ro ss  s e c tio n . 
The energy o f th e se  t r a n s i t io n s  w i l l  be approxim ately  th re e  
tim es the g ia n t resonance energy i« e .  40-60 MeV. On th e se  
r e s u l t s  the  3-quantum t r a n s i t io n s  would be u n im portan t, 
e s p e c ia l ly  in  th e  re g io n  ju s t  above th e  g ia n t resonance 
(20-30 MeV).
W ilkinson a lso  d iscu ssed  the  problem of nucleon  em ission. 
A fte r  the nucleus has absorbed the photon and become ex c ited  
to  a h ig h er l e v e l ,  which may o r may not be in  the  continuum, 
th en  i t  can e i th e r  be em itted  ’'d ire c tly * ’ o r be reabso rbed  in  
th e  nucleus to  form a compound nucleus« The r e l a t i v e  p r o b a b i l i ty
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o f  d i r e c t  em ission  i s  given by:
c - (5)
2
where k i s  th e  nucleon  wave number, “Ff"/MR th e  s in g le  p a r t i c l e  
reduced w id th , P the  p e n e t r a b i l i ty  and W th e  im aginary  p a r t  
o f th e  cloudy c r y s ta l  b a l l  p o te n t ia l .
5*3 E1 Peak E n erg ies
Since th e  g ia n t resonance i s  exp lained  by e l e c t r i c  d ip o le  
t r a n s i t io n s ,  i t  fo llo w s lo g ic a l ly  th a t  the  energy  o f the  E1 
t r a n s i t io n s  should be th e  same as the energy o f th e  g ia n t reso n ­
ance . However i f  th e  le v e l  p o s i t io n s  a re  sim ply computed u s in g  
R = 1.2A 3 x 10 J cm and a d ju s t in g  the  w ell dep th  to  g ive  the  
c o r re c t  b in d in g  energy f o r  th e  l a s t  nucleon i t  i s  found th a t  
th e  E1 t r a n s i t io n s  a re  too sm all by a f a c to r  o f two to  account 
fo r  the  g ia n t resonance energy. In  o rd e r to  overcome th i s  d i f f i ­
c u l ty ,  W ilkinson (Wi56) suggested  in tro d u c in g  a v e lo c i ty  dependent 
p o te n t ia l .  Brueckner (Br54) has shown th a t  th e  s a tu r a t io n  of 
n u c le a r  fo rce s  can be s a t i s f a c t o r i l y  exp lained  by th e  in tro d u c tio n  
of such a p o te n t ia l  and th a t  f o r  i n f i n i t e  m a tte r , t h i s  i s  eq u i­
v a le n t to  u s in g  normal fo rces  w ith  an e f f e c t iv e  mass m*, such 
th a t  m*/m^-J-. I f  th i s  e f f e c t iv e  mass m*/m = -g-, i s  assumed to 
be v a l id  fo r  f i n i t e  m a tte r , then  th e  E1 t r a n s i t io n  e n e rg ie s  a re  
doubled and th e y  agree  w ith  th e  g ia n t  resonance energy except 
fo r  l i g h t  n u c le i .
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How ever, some recent (d,p) measurements by Cohen et al.
(Co60) have made the ralidity of the assumption that m*/m = £ 
for finite nuclei doubtful. Their measurements, which are the 
first to reliably determine the energy spacings of E1 transitions, 
show the level spacing to be much smaller than is predicted by 
the Wilkinson model. The transition energies are consistent with 
those predicted using a value of m*/m = 1 instead of the £ 
required to explain the giant resonance. This does not necessarily 
exclude the use of velocity dependent potentials, but suggests 
that the extension of Brueckner's theory for infinite matter 
to finite matter increases the value of m*/m. If the results 
of Cohen et al, are accepted, then the Wilkinson model must 
be either discarded or modified to explain the position of 
the giant resonance using m*/m = 1, The success of the model 
in all respects other than the use of an effective mass <1, 
suggests that a simple modification should be possible.
A possible explanation of the discrepancy between the giant 
resonance energy and the single particle levels has been given 
by Brown et al. (Br59) in terms of particle-hole interactions. 
Carver and Peaslee (Ca60) used sum rule calculations to show how 
the giant resonance position can be explained without invoking 
an effective nucleon mass less than one.
Carver and Peaslee have shown how the discrepancy between 
the separation of the single particle levels and the position
-75
of the giant resonance can be explained by considering exchange 
forces. This is done by calculating the value of the harmonic 
mean energy E^ defined by
The value of is then related to the energy of the giant
resonance E , which experimental data suggests is nearly equal 
8
t° e^
Eg 5 (5)
The discussion is in terms of E^ in preference to E
8
because E depends strongly on the nuclear model invoked, while 
8
E^ can be expressed in terms of sum rules and is considerably
less model dependent. The sum rule expression for I can be
written in the form I = I + I , where I is related to theo x 7 x
nuclear exchange forces and depends on the form of the electric 
dipole operator. The corresponding E^ is given by:
1A + = E_ + E D x (6)
For the purpose of calculating the value of E^, the wave 
function of the ground state was taken to be the ideal harmonic 
oscillator.
The results of the calculations show that E can be
8
expressed in the form:
i
E = (40+8)A-5 + A MeV (7)
8
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where is to the first order independent of A. The first 
term of equation (7) is shown to correspond to the term 
in equation (6) and the A corresponds to E . The value of 
A  is determined from experimental data and is 7*5+1»5 MeV. 
Equation (7) then becomes
Eg = (40t8)A-i+ (7.5+1.5) MeV (8)
The interpretation of equation (ö) is that the first 
term gives the single particle spacings for ordinary forces, 
and the second tern, which is peculiar to the E1 mode of 
excitation, is the constant (A-independent) shift produced 
by exchange forces. Since this term is due to interactions 
between the excited nucleon and the remaining nucleons, the 
energy will not in general be available to the excited nucleon, 
but will be distributed amongst all the nucleons. This does 
not exclude the possibility that the energy A is concentrated 
in the excited nucleons in a portion of the absorptions. The 
result of equation (8) shows how the difference between the 
single particle transition energies and the position of the 
giant resonance can be satisfactorily explained.
The estimate of A should be interpreted as an average 
value. The actual value varies from nucleus to nucleus and 
may vary for different nucleons in the one nucleus* The 
calculations are not sufficiently detailed to obtain reliable
estimates of the variation in A
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The value of E obtained by Carver and Peaslee in 
S
equation (8) can be compared with the values obtained by 
Levinger (Le55)» He found, using the harmonic oscillator 
potential, that
Eh = 46(1+0.8x)A""s MeV (9)
where x is the amount of exchange force. The result has been
*changed to allow for the different assumed nuclear radii .
The first term, which is the harmonic energy given by ordinary 
forces, agrees with the value obtained by Carver and Peaslee.
The exchange force term has a different A dependence. The 
experimental results favour the expression obtained by Carver 
and Peaslee (equation (8)) in preference to equation (9).
In view of the success of the new calculations (by Carver 
and Peaslee) in evaluating the giant resonance position, it is 
of interest to investigate the implications of the results to 
see whether other photodisintegration results support this 
interpretation of the giant resonance. The results of this 
investigation are given in the following sections.
5.4 The Energy of the Overtones
The interpretation of the giant resonance as being due 
to 1-quantum transitions means that the energy of these 
*The value of is calculated as a function of R, the radius of 
th^ nucleus, which is proportional^to A“3. Carver et al. assumed 
A“ 3^ = 1.1R, while Levinger used A“^ = 1.2R.
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transitions (W^) can be written in the form
W. = E 1 S
which from equation (8) gives
W x40A" 3 + 7.5 MeV ( 10)
The energy of the 3-quantum transitions (W ) is not so 
easily estimated. Using similar arguments to those used to
determine E^, the expression for will be of the form
W. 40aA~ 3 + S (11)
where the term £ corresponds to the &  in equation (7)* The 
classical model of vibrating fluids (Da5l) would indicate a 
value of a=2.86, while the ideal harmonic oscillator gives 
a=3. The value of a will be taken as
40a = 120 (12)
The evaluation of & is difficult because it cannot be 
measured experimentally like &  . For a 3-quantum transition 
the mean momentum difference between states is about three 
times that for a 1-quantum transition; a smooth dependence of 
the exchange potential on the momentum transfer would suggest 
a reduction in d by a factor of two or three (Ca6o). It is 
therefore proposed to take a value of S = 3±2 MeV as a first 
estimate.
If it is accepted that the exchange tern decreases as the 
transition energy increases, then for higher than 3-quantum 
transitions the exchange term can be ignored as it will always
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_i
be less than the error in the A*"5 term. The energy of the
l
5th and 'Jth. quantum transitions can be written as 200A“’3 and
_i280A 3 respectively.
5« 5 Overlap Integrals
We consider the values of the overlap integral 
l foo , .
if-R =  J  f f  d r  ( 15)
o
from which the E1 transition strengths can be calculated using
1
equation (l). The values of I^2R have been calculated for two 
different nuclear potentials: (a) the square well potential.,
and (b) a modified harmonic oscills/tor potential. These par­
ticular potentials were easy to handle and have a certain amount 
of flexibility that is not available in the infinite square or 
ideal harmonic oscillator potentials.
5*5»1 The Square Well Potential
This nuclear potential is basically the same as the 
infinite square well with one important modification. The wave 
function will not be restricted to zero values at the nuclear 
boundary as required by the infinite square well. We shall 
ignore the contribution to the overlap integral of the wave 
function outside the nuclear surface. Although the general 
formula for Ij~R is derived, only one specific case is studied 
in detail, and this is when the ground state wave functions 
are in fact zero at the surface. In this case the potential
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can be re p re se n te d  by two i n f i n i t e  square w e lls :  one fo r  th e  
ground s ta t e  and one fo r  th e  e x c ited  s ta t e s  where the  r a d i i  o f 
th e  square  w e lls  d i f f e r .
The wave fu n c tio n s  fo r  th e  above p o te n t ia l  can be w r i t te n  
in  the form:
' f  = \  ( a r )  ^  (8 0) r  < R ( H )
where j .  ( a r )  i s  the  sp h e r ic a l B essel fu n c tio n  o f o rd e r l , 
l^1 i s  th e  norm alised  s p h e r ic a l  harmonic of o rd e r { l , m), a  i s  
a  f a c to r  w ith  the dim ensions o f wave number and i s  determ ined  
by th e  boundary c o n d itio n s , and A i s  a  n o rm alis in g  f a c to r  
such th a t
' d £
The v a lu e  o f D^R i s  g iven  by:
4r A d
(15)
( 16)
where  ^ and "ff a re  th e  i n i t i a l  and f i n a l  s ta t e  wave fu n c tio n s . 
By in te g r a t in g  over 6 and 0 and d e f in in g  k. (x) as x (x)
ATR
rR 1 '(Tt p 12 T h
J  k ^ (b r) r  (a r)  d r / j  k £ (b r) d r J k * (a r)  d r
(17)
where i! = 1 + 1
( 18)
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The e v a lu a tio n  of eq u ation  (18) i s  g iven  in  Appendix I I I  
and the  f i n a l  r e s u l t  i s :
D^R ke (x) k ^ C y )  -  k ^ C x )  kr (y) -
y  ke (x) kt (y) + x k 4_n(x) kt + 1( y ) j  (^ s^j
i 4r
k* W  -  ke - i (x) ke + i (x q  [ kL i (y) “
k^ y ) ke +2(y) ] ( 19)
where 
x = aR
y = bR fo r  a  £-»£+1 t r a n s i t io n
and
x = bR
y = aR fo r  a  l - * l ~  1 t r a n s i t io n .
To a t ta c h  any p h y s ica l meaning to  th e  e v a lu a tio n  of 
eq u a tio n  ( 19) » boundary co n d itio n s  must be a p p lie d  to  f i x  
th e  v a lu es  o f x and y . An in v e s t ig a t io n  u sin g  d i f f e r e n t
v a lu e s  o f x and y, showed th a t  th e  only  f a c to r  th a t  p lay s
JL
a s ig n i f ic a n t  p a r t  in  th e  v a lu e  o f l |  , i s  the  phase d iffe re n c e  
between the f i n a l  and i n i t i a l  wave fu n c tio n s  a t  the  su rfa c e . 
T herefo re  th e  phase o f e i th e r  wave fu n c tio n  a t  the  su rfa ce  can 
be a r b i t r a r i l y  chosen and fo r  convenience th e  i n i t i a l  wave
S n
library +
- 82-
function is made zero at the boundary. To simplify the dis­
cussion only £->i+1 transitions will be considered, the 
modification for £-*l-1 transitions being obvious from 
equation {19). The above boundary condition can then be 
expressed by the relation
k (x) = 0
Applying this to equation (19)
-2xR
x2-y2
-2y
X^-?y -IK(y) + ke+1(y)
V y) V 2(y)
(20)
(y) -
(21)
The boundary condition given by equation (20) only defines
the value of the initial state and the conventional notation
(Fe55) Tor the value of the n quantum number will be used. That
is the wave function for a state (n,&) will have n-1 nodes between
the centre and the surface of the nucleus. Although at this
stage the value of y will not be fixed, it is necessary to limit
the range over which it can vary. The phase of the excited wave
function will be permitted to vary + ^2 Trom the zero phase, which
is the phase that makes the wave function zero at the boundary.
This fixes the values of y for a state n , to those between
the n^1 and n^+1 zero of k^+-j(y)*
2. wellTo evaluate for an infinite square/it is necessary to 
make both the wave functions zero at the surface of the nucleus.
- 83 -
T his co n d itio n  i s  g iven  by th e  r e l a t io n s :  (x) = 0 ,
k^ + ^ (y) = 0. P u tt in g  th ese  in  eq u a tio n  ( 19)
4xy R
where x and y a re  th e  zeros o f k (x) and k^+^(y) re s p e c tiv e ly .
F igure  5*1 shows th e  v a lu es  o f g iven  by equation  (21) 
fo r  s p e c if ic  va lues of x and a range o f y v a lu e s . Each p lo t  
g ives the  range of va lues o f  Dg fo r  1-quantum , 3-Q.uaii turn, and 
5-quantum t r a n s i t io n s  co rrespond ing  to  a g iven  i n i t i a l  s t a t e .
The v a lu es  o f a t  th e  p o in ts  marked A correspond  to  th e  v a lu es  
o b ta in ed  u s in g  an i n f i n i t e  square  w e ll p o te n t ia l .
There a re  two f a c ts  which a re  im m ediately obvious. F i r s t l y ,  
th e  v a lu e s  o f Dg f o r  th e  i n f i n i t e  square w ell a re  n e a r maximum 
f o r  th e  1-quantum t r a n s i t io n s  and n e a r zero fo r  th e  3-quantum 
t r a n s i t i o n s .  Secondly, by s u i ta b ly  choosing the phase o f th e  
e x c ite d  wave fu n c tio n  ( i . e .  va lue  o f y ) , th e  r a t i o  o f 3-quantum 
to  1-quantum t r a n s i t io n  s tre n g th s  can v a ry  from 0 t o ^ 1 .  These 
r e s u l t s  in d ic a te  th a t  th e  va lue  o f w il l  s tro n g ly  depend on 
th e  phase o f th e  wave fu n c tio n  a t  th e  boundary. T h erefo re , the  
cho ice  o f a  p a r t ic u la r  model which w i l l  e x p l i c i t l y  ev a lu a te  
( i . e .  harmonic o s c i l l a to r ,  i n f i n i t e  square w e ll) ,  may g ive  va lues 
o f which a re  m is lead in g .
S ince the  r e l a t i v e  s tre n g th s  o f th e  1-quantum and 3-quantum 
t r a n s i t io n s  are  dependent on the cho ice  o f y , f o r  which th e re  i s
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no r e l i a b l e  p h y s ic a l b a s is  f o r  gu idance , th e  va lu e  of i s  
averaged over a l l  p o s s ib le  v a lu es  o f y . The r e s u l t s  of the  
c a lc u la t io n s  f o r  a few ty p ic a l  t r a n s i t io n s  a re  shown in  ta b le  5*1 
to g e th e r  w ith  those  o b ta in ed  u s in g  an i n f i n i t e  square w ell 
p o te n t i a l .  I t  can be seen from th ese  r e s u l t s  th a t  th e  use 
o f  th e  above p o te n t ia l  to  e v a lu a te  compared w ith  th e  
i n f i n i t e  square w ell p o te n t ia l ,  in c re a se s  tjrun t r a n s i t io n s
by a f a c to r  of 10-20 and reduces the  1-quantum t r a n s i t io n s  by
10-30$.
In  th e se  c a lc u la t io n s  we have made no s p e c if ic  m ention o f 
th e  energy o f  th e  t r a n s i t i o n .  In  the o r ig in a l  wave fu n c tio n  
the energy o f the  le v e l  and hence the  energy  of the t r a n s i t io n ,  
i s  g iven  by the a r b i t r a r y  param eter. The e f f e c t  of averag ing  
over y in  eq u a tio n  (21) makes th e  d e te rm in a tio n  of the t r a n s i t io n  
energy m eaningless and i t  i s  th e re fo re  no t in tended  to  use  th e  
r e s u l t s  to  determ ine the  t r a n s i t io n  e n e rg ie s . Because o f th i s  
u n c e r ta in ty  in  th e  t r a n s i t io n  energy, on ly  harmonic c ro ss  
s e c tio n s  w i l l  be d iscu ssed . These have theadvan tage th a t  th ey  
a re  p ro p o r tio n a l to  th e  square  of the o v e rlap  in te g r a ls  and 
a re  independent o f th e  t r a n s i t i o n  energy . Also th e  in te g ra te d  
harmonic c ro ss  s e c tio n  can be measured more a c c u ra te ly  than  
the  in te g ra te d  c ro ss  s e c tio n .
Figure 5.1
Values of Dj/ • The values of Dj> for transitions with 
the ground states (1,0), (3»0) and (2,1) are given by 
equation (21). The values of for the transitions with 
the ground state (1,1) are obtained from equation (19) by 
interchanging X and Y and then putting k^+^(x) = 0„ The 
points marked A give the values of Dg for an infinite
square well.
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T able 5.1
VALUES OF Da
T r a n s i t io n A B
1s -»1p 0.21 0 .2 8
-» 2p 0 .02 0.002
-* 3p 0.002
1p -*1d 0 .2 9 0 .3 8
-> 2d 0 .019 0.002
-*3d 0.003
1h ->1i 0 .43 0 .5 3
-» 2 i 0 .035 0.002
-*5i 0 .005
2p ->2d 0 .19 0 .2 8
-> 3d 0.022 0.002
-*4d 0.005
5s -*3p 0 .1 4 0.21
-»4p 0 .02 0.002
->5p 0 .004
1p -»2s 0 .68 0 .1 0
-*3s 0 .008 0.0008
-*4s 0.001
Column A i s  o b ta in e d  from  e q u a tio n  ( 21)
by a v e ra g in g over a l l  p o s s ib le  v a lu e s
o f  y .
GÜLumn B i s  th e v a lu e  f o r  an i n f i n i t e
sq u are  w e ll o b ta in e d  from  e q u a tio n  (22)
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5*5*2 The Modified Harmonic Oscillator
The ideal harmonic oscillator is modified by assuming that 
the ground state nucleons and the excited state nucleons move in 
slightly different harmonic oscillator potentials.
*
The ground state wave function can be written in the form
«• 1 -r2/2a2= ÜL r e '
where N is determined by o 17
2 2r dro
(23)
(24)
o
The excited state wave function for a 1-quantum, 3“q.uantum, 
5-quantum ... transition can be written in the forms
&+1- N1 r
- N r^+1
3 ' 3
1/, _ l+"\N -r-
' 5 “ ll -  J?
Since 'jj^ , and
potential,
e-r2/2b2 (25)
(l+cr2/b2) e"r2//2b2 (26)
(l+dr2/b2 + fr4/b4) ^ (27)
'f ^ are wave functions in the same harmonic
(28)
J ^  r2 dr = 0
o J
(29a)
Only transitions of the type l =N N+1 of the ideal har-
monic oscillator are considered. However, it is these transitions 
which make the major contribution to the cross section.
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/  r2 dr = 0 (29b)
and are determined by normalising equations similar
to equation (24) and c, d and f are determined from equations
(28) and (29).
1
The values of I^R are given by:
f c o ,
H? - J A0
1-quantum (30)
Hi - J y 3 i o r? ^ 3-quantum (31)
Ht ■ f  y 5 y 0 ^ 5-quantum (32)
The solution of equations (30)» (3"0 and. (32) are given in
Appendix IV, the results of which are:
(35)
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T h ere fo re  th e  r a t i o  o f  th e  sq u a re s  o f  1-quantum  to  3 -(lua*1tuiii 
o v e r la p  i n t e g r a l s  H^/H^ w i l l  he
2
h .
j°° i  3 i o r? *]
H1 ■ ' rco i , -|2
j Vi T o *_ 0
H1
H l + 5 / 2 ) ( l + 7 / 2 ) ( \
b - a 2 
.h2+a2i
and th e  r a t i o  ^ n + l / ^ l  can be o b ta in e d  by in s p e c t io n :
H2n+1
(36)
(37)
/  2 2 \^ n
U +  5/2)(U7/2) . . .  (t+ ^ f 1) ( f e y  (58)
I t  can be seen  from  e q u a t io n s  (34) and (35) t h a t  by p u t t in g
b = a ,  th e  r e s u l t s  a r e  th e  same as th o s e  o b ta in e d  from  an  id e a l
harm onic o s c i l l a t o r ,  i . e .  0 = H_ = H_ = H„ . . .  S in ce  th e re  
f 3 5 /
have been no r e s t r i c t i o n s  p la c e d  on a  and b , the  v a lu e  o f 
H^/H^ can ta k e  v a lu e s  betw een 0 and 2£+5* However th e  v a lu e s  
o f  a  and b d e te rm in e  th e  energy  l e v e l  sp a c in g  i n  th e  n u c le u s , 
and i t  i s  re a s o n a b le  to  ex p ec t th a t  th e  e x c i te d  l e v e l s  have a 
s im i la r  sp ac in g  to  th e  bound s t a t e s .  T h is  would r e s t r i c t  th e  
v a lu e s  o f  b to  be n e a r  a ,  which l i m i t s  th e  v a lu e s  o f  H ^/H ^ 'to  
s m a l le r  v a lu e s  th a n  th e  2£+5 g iv e n  above.
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5.5*3 C onclusions
The main con clu sio n  th a t  can be drawn from th e se  r e s u l t s  
i s  th a t  th e  s tre n g th s  o f the 3-quan'tum t r a n s i t io n s  may vary  
over a la rg e  range of v a lu e s , and a re  not n e c e s s a r i ly  l im ite d  
to  the  sm all v a lu e s  suggested  by the  i n f i n i t e  square w ell or 
harm onic o s c i l l a t o r  p o te n t ia l s .  The range of v a lu es  can be 
reduced by imposing more s t r in g e n t  boundary c o n d itio n s , but i t  
i s  d o u b tfu l w hether the  s tru c tu re  o f the  nuc leus i s  s u f f ic ie n t ly  
w ell understood  to  j u s t i f y  a  l im i ta t io n  of th is  k in d .
Since the two p o te n t ia l s  g ive  a  d i f f e r e n t^  dependence fo r
the  r e l a t iv e  3-quantum to  1-quantum overlap  in te g r a l s ,  i t  was
2
decided  to  take  an average value  o f 7$ fo r  D^R f o r  a l l  
t r a n s i t i o n s .  I t  was a lso  decided  to  use th e  i n f i n i t e  square 
w e ll va lues le s s  20$ fo r  the 1-quantum overlap  i n te g r a l s .  The 
20$ re d u c tio n  i s  to  a llow  fo r  the  t r a n s f e r  of c ro ss  s e c tio n  
from the 1-quantum to  th e  3» 5 •••  -quantum t r a n s i t i o n s .  The 
va lue  of 7$ i s  the  average va lue  fo r  the square w ell p o te n t ia l  
and corresponds to  an average value o f b /a  = 1.05 in  th e  harmonic 
o s c i l l a to r  p o te n t ia l .
I t  should be emphasised th a t  th e se  c a lc u la t io n s  a re  not 
in ten d ed  to be a r e l i a b le  c a lc u la t io n  of t r a n s i t io n  s tre n g th s . 
They have been p re sen te d  sim ply to  in d ic a te  th a t  i t  i s  p o ss ib le  
to  in c re a se  th e  c o n tr ib u tio n  of 3-quantum t r a n s i t io n s  to  a t
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least 30io of the E1 absorption cross section. It will be 
shown in 5*6 how the experimental results suggest that the 
3-quantum transitions account for 25$ of the total absorption 
cross section.
5*6 A Comparison of the Experimental Results with the
Theoretical Results
It is intended to compare the two best known parameters 
of the (Y»p) cross sections with the predictions of the cal­
culations. The two parameters that will be considered are the 
peak energies and the harmonic cross sections. Only the middle 
and heavy nuclei in which it is expected that 3“quotum 
transitions will dominate the (Y,p) cross sections, will 
be considered.
5*6.1 The Peak Energies
The peak energies are plotted in fig. 5*2. The result 
for Ta was not included, because it is doubtful whether the 
cross section shape measured from the decay of the isomeric 
level, is the same as for the total cross section (see 3»3•4)- 
The two curves are the theoretical positions of the 1-quantum 
and 3_qua*1'tum transitions, the dotted line being an estimate 
of the effect of the coulomb barrier. It would appear from 
these results that the (Y,p) cross section in the heavy nuclei 
may be attributed to 3_quan'tum transitions and in the light 
nuclei to 1-quantum transitions. For the middle weight nuclei 
with Z between 40 and 50, it appears that both 1-quantum and
Figure 5.2
Energy of the peak in the (y,p) cross section. The 
curves are the theoretical values of the 1-quantum (E^) 
and 3-QLuantum transition energies given by equations (8)
and (11) respectively. The dotted line is a measure of the 
coulomb barrier effect. The Mo result was taken from the 
work of Ferrero et al. (Fe57)> the Ni and Ti results were 
obtained by T.R. Sherwood, (private communication), and the 
other results were obtained by the author.
40
_____ I______I______I_____ I_____ I______L_
20  4 0  6 0  8 0
Z
FIG. 5.2
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3-quantum t r a n s i t io n s  may c o n tr ib u te  to  th e  (Y,p) c ro ss  s e c tio n .
I t  i s  not expected  th a t  1-quantum p ro to n s  w il l  be em itted  from 
th e  heavy n u c le i ,  because the in te r p r e ta t io n  of th e  &  term  in  
th e  t r a n s i t i o n  energy (see  equations (7 ) and (ö) ) i s ,  th a t  
i t  i s  not a v a ila b le  f o r  th e  em ission o f d i r e c t  nucleons (see  5*3)« 
T his means th a t  in  heavy n u c le i 1-quantum t r a n s i t io n s  w i l l  in  
g e n e ra l le av e  the e x c ite d  nucleon in  a  bound s ta te  and th e re ­
fo re  nucleon  em ission can only  occur th rough  a compound nucleus 
fo rm ation , where the e n t i r e  t r a n s i t io n  energy i s  a v a i la b le .
In  the  l i g h t  n u c le i where p ro ton  em ission  can be exp lained  
by the fo rm atio n  of a compound n u c leu s , i t  would be expected  th a t  
the 1-quantum t r a n s i t io n s  would be th e  dominant ones and the  peak 
in  the  (Y»p ) c ro ss  s e c tio n  would be n ear the  g ia n t resonance energy.
I t  is  in te r e s t in g  to  no te  th a t  the  re g io n  Z = 40-50, where 
both  types of t r a n s i t io n s  c o n tr ib u te  to  the  (Y,p) cross s e c tio n , 
i s  a lso  the  re g io n  where d i r e c t  pho topro ton  em ission  s t a r t s  to  
become im p o rtan t.
Although the  p o s i t io n  o f the (Y»p) c ro ss  s e c tio n  in  heavy 
n u c le i  su g g es ts  th a t  th e re  i s  a second reso n an ce , th e re  i s  not 
s u f f ic ie n t  d a ta  to  determ ine the  value of b ( th e  exchange fo rce  
te rm )•
5*6.2 The Harmonic Cross S ec tio n s
Figure 5*3 shows a l l  th e  a v a ila b le  in te g ra te d  (y >p ) harmonic
Figure 5*3
The integrated harmonic- (Y,p) cross section expressed 
as a fraction of the harmonic absorption cross section 
integrated over the giant resonance. The line corres­
ponds to a ratio of 5% for the square of the 3-quantum 
overlap integral to 1-quantum overlap integrale The resul-s 
for Nb, In, Ta, Au have been taken from the results of 
Barber et al. (Ba60) and the Mo results from Ferrero et al. 
(Fe57).
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cross sections (expressed as a fraction of the absorption har­
monic cross section integrated over the giant resonance i.e.
1-quantum transitions) for nuclei with A greater than 90* The 
solid curve shown is the theoretical prediction obtained from 
the calculations in 5*4 and 5*5* Since these sections only 
discuss the problem of photon absorption, a simple shell model 
will be used to calculate the probability of proton emission.
In this model all levels within a closed shell are given 
the same energy, the energy separation of the shells is 7 MeV 
and the binding energy of the last shell is 7 MeV. The proba­
bility of an excited nucleon being directly emitted is given by 
equation (3) and W is taken to be 3 MeV. This value was obtained 
from the results of Lane and Wandel (La55) •
The slope of the line, which is independent of the ratio of 
3-quantum to 1-quantum overlap integrals, is calculated by 
summing over all possible transitions. The slope is determined 
by the number of possible E1 transitions and by the change in 
the coulomb barrier with the change in A, both of which sre 
relatively well known.
The magnitude of the line is determined by the ratio of the 
3-quantum to 1-quantum overlap integrals. Since this factor
* This is larger than the value of 1.5 MeV used by Wilkinson (Wi56).
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can n o t be a c c u r a te ly  d e te rm in e d , th e  l i n e  in  f ig u r e  5»3 was 
drawn to  f i t  th e  e x p e rim en ta l p o in ts  (k eep in g  th e  c o r r e c t  s lo p e )  
and th e  r a t i o  o f th e  o v e rla p  i n t e g r a l s  e v a lu a te d  from  i t .  The 
a c tu a l  l i n e  co rresp o n d s  to  an av erag e  r a t i o  o f j f o  f o r  th e  
3-quantum  to  1-quantum  o v e r la p  i n t e g r a l s  sq u a red .
U sing t h i s  v a lu e  of 5$> th e  c o n t r ib u t io n  from  3-quantum 
t r a n s i t i o n s  to  th e  t o t a l  harm onic a b s o rp tio n  c ro s s  s e c t io n  i s  
ap p ro x im a te ly  15^» S ince  th e  u se  o f c ro ss  s e c t io n s  i s  more 
g e n e ra l th a n  th e  u se  of harm onic c ro s s  s e c t io n s ,  th e  c o n t r i ­
b u tio n  o f th e  3-quantum t r a n s i t i o n s  to  th e  t o t a l  a b s o rp tio n  
c ro s s  s e c t io n  has been c a lc u la te d  from  th e  r e s u l t  f o r  th e  harm onic 
c ro s s  s e c t io n  g iv e n  above. T h is  r e s u l t  in d i c a te s  t h a t  3-quantum  
t r a n s i t i o n s  c o n t r ib u te  25Jo o f  th e  t o t a l  a b s o rp t io n  c ro s s  s e c t io n .  
A lthough an o v e r s im p lif ie d  model i s  u sed  in  c a l c u l a t i n g  th e  
r e s u l t s ,  i t  i s  found th a t  a la r g e  f r a c t io n  o f  th e  c ro s s  s e c t io n  
i s  due to  p ro to n s  being  e m itte d  from above o r n e a r  th e  top  o f 
th e  coulomb b a r r i e r ,  where th e  p r o b a b i l i t y  o f  d i r e c t  em issio n  
i s  in s e n s i t i v e  to  the  p o s i t i o n  o f  th e  energy  l e v e l s .  The f a c t  
th a t  th e  model p r e d ic t s  a  la r g e  f r a c t io n  o f th e  p ro to n s  to  be 
e m itte d  w ith  e n e rg ie s  g r e a te r  th a n  th e  coulomb b a r r i e r ,  i s  in  
rough agreem ent w ith  th e  e x p e rim e n ta l r e s u l t s  (s e e  f i g .  2 ,6 ) .
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5*6 ,3  O ther E x p erim en ta l E vidence C oncern ing  5-Quantum T ra n s i t io n s  
(a )  The T o ta l A b so rp tio n  Cross S e c t io n s « -  The t o t a l  h a r ­
monic c ro s s  s e c t io n s  (Hq ) f o r  th r e e  n u c le i  (P r1^ \  Ni''’0 , T a '01)
w ere o b ta in e d  by ad d in g  the  (Y>n), (Y ,2 n ), (Y ,p) and (Y ,np)
harm onic c ro s s  s e c t io n s  to g e th e r .  Each r e s u l t i n g  c ro s s  s e c t io n
was th e n  d iv id e d  in to  two p a r t s :  th e  g ia n t  re so n a n c e  f r a c t i o n ,
w hich was a t t r i b u t e d  to  th e  1-quantum  t r a n s i t i o n s  (H ^), and th e
t a i l ,  w hich was ta k e n  to  be due to  3_(iuantum t r a n s i t i o n s  (H ) .
3
181
The r a t i o s  1L fs .^  f o r  th e  th re e  n u c le i  were Ta^0  ^ (1 8 $ ), P r ' 4 ' (29$)
cr o
and Ni^ (2 5 $ ). These r e s u l t s  would in d ic a te  a  r a th e r  l a r g e r  
f r a c t i o n  o f  th e  c ro s s  s e c t io n  b e in g  due to  3-quantum t r a n s i t i o n s  
th a n  i s  found from  th e  (Y ,p) c ro s s  s e c t io n s .  T h is d i f f e r e n c e  
may be due to  th e  a r b i t r a r y  manner in  which th e  a b s o rp t io n  c ro s s  
s e c t io n  i s  d iv id e d  in to  1- and 3-quantum  t r a n s i t i o n s .  The e x p e r i­
m en tal d a ta  was ta k e n  from th e  b e s t  a v a i la b le  r e s u l t s  (Ca59t>>
Sp58, Fu58, P a59 ).
(b ) The F a s t  N eutron  M easurem ents» -  M easurem ents o f  f a s t  
n e u tro n  em ission  (Au59> Fe57) in d ic a te  w ith  some u n c e r t a in ty  th a t  
i n  th e  heavy n u c l e i ,  th e y  acc o u n t f o r  10$ o f  th e  t o t a l  n e u tro n  
y ie ld *  I f  th e se  n e u tro n s  a re  a t t r i b u t e d  e n t i r e l y  to  d i r e c t  
e m issio n  from  3-quantum  t r a n s i t i o n s ,  c o r re c te d  fo r  th o se  n e u tro n s  
fo rm ing  a  compound n u c leu s  (4 0 $ ) , and m u l t ip l ie d  by two to  a llo w  
f o r  th e  p ro to n  a b s o rp t io n ,  th e  t o t a l  y ie ld  from  3-quantum
141
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absorption is approximately Q^P/o of the total absorption cross 
section. This result, although rather vague, is in general 
agreement with the estimates determined above.
5*7 Conclusions
There can be little doubt that 3-quantum transitions exist, 
but the problem is to determine how much effect they play in 
explaining photodisintegration results. The experimental 
evidence suggests that it may be of the order of Q^ffo of the 
total absorption cross section. However, this evidence relies 
heavily on the interpretation of the exchange force term in the 
equation for the giant resonance energy. This interpretation, 
that the energy of the exchange term will not be available to 
promote single nucleons, is perhaps a logical interpretation, 
but it is a little too early to say it is the only inter­
pretation.
If the absorption of photons above the giant resonance 
is to be predominantly due to 3-quantum transitions, it is 
necessary to increase the 3-quantum transition strengths by 
an order of magnitude from those calculated using the infinite 
square well potential. The calculations of transition strengths 
show that the results depend on the specific model chosen and 
even using one model, large variations in transition strengths 
may easily be obtained. However in the two specific models
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c o n s id e re d  i t  i s  seen  th a t  th e  3"Q.u an 'kum t r a n s i t i o n  s tr e n g th s  
co u ld  he re a s o n a b ly  in c re a s e d  by an o rd e r  o f m agnitude over 
th e  v a lu e s  o b ta in e d  by an i n f i n i t e  sq u a re  w ell p o t e n t i a l .
I t  can be concluded  from the  r e s u l t s  g iv e n  in  t h i s  c h a p te r ,  
th a t  th e  i n t e r p r e t a t i o n  o f th e  a b s o rp t io n  c ro s s  s e c t io n  in  th e  
r e g io n  im m ed ia te ly  above th e  g ia n t  re so n a n c e  as b e in g  due to  
3-quantum  t r a n s i t i o n s ,  does n o t c o n f l i c t  w ith  th e  ex p e rim en ta l 
r e s u l t s .  There i s  v e ry  l i t t l e  ev id en ce  th a t  t h i s  i n t e r p r e t a t i o n  
g iv e s  b e t t e r  agreem ent to  th e  p h o to n u c le a r  r e s u l t s ,  th a n  say  
th e  model p roposed  by W ilk in so n .
The p rim ary  o b je c ts  o f  t h i s  c h a p te r  were to  su g g e s t t h a t  
3-quantum  t r a n s i t i o n s  may p la y  an im p o rta n t r o l e  in  e x p la in in g  
p h o to n u c le a r  r e s u l t s  and to  show t h a t  p re l im in a ry  c a lc u la t io n s  
do no t produce any m ajo r c o n f l i c t s  betw een th e  th e o ry  and th e  
ex p erim en ta l r e s u l t s .
APPENDIX I
ANALYSIS OF YIELD CURVES 
OBTAINED FROM BREMSSTRAHLUNG RADIATION
It is evident that the yield A ( k ) measured as a function 
of the maximum electron energy kQ, and the cross section a(k) 
of a photonuclear reaction are related by a Volterra equation 
of the form
A(ko) a(k) P(k,k^) dk (1)
where T is the threshold of the reaction and P(k,kQ) is the 
gamma ray intensity.
If the R.H.S. of (l) is partially integrated
1
(2)
where
P'(k,ko) = d P(k,ko)/dk
If the integral over dk^ is replaced by a summation, 
successive values of the integral over dk may be found from 
the corresponding values of A(k^) by induction; since all terms 
except the last in the summation are composed of known quan­
tities. Using the Euler-McLaurin formula to evaluate the 
integral and denoting
A(ko) rko rk0 r rki p(k»kc) J a(k) äk -  J p,(k-i>k0)J a(k)dk
<*0^) dk, by S(k),
App. I (ii)
then
S(kQ) = A(kQ) + H  h P* S(l^-h) +
h P’( V  2h,k^) S(^-2h) . . . / P(k^ ,k0) +
^2 h (3)
For the solution of (3) the formula for P(k,kQ) given by Schiff
P(k,ko) S5 J  I  [1+d-Z)2 2 logo, -
was used, where
z = k/(k0 +/0
A ss electron mass
1 1 1
a2
ss 9 + 2
a1 = 2(ko + y x ) ( l  - Z)jjj.Z
a2 2 111/2^
8 2 atomic number of bremsStrahlung radiator
The author is indebted to D.W. Lang who programmed the 
solution of (3) on the electronic computer (Siliac) at the 
University of Sydney.
APPENDIX I I
DEAD TIME CORRECTION FOR A DECAYING SOURCE 
The problem  o f o b ta in in g  the dead tim e c o r re c t io n  fo r  a
c o u n t- ra te  i s  n and the tru e  number of counts i s  N, then  the  
observed f r a c t io n  of the  tru e  count which i s  reco rded  i s
n/N = 1 -  On ,
where a  i s  the  dead tim e of th e  re c o rd in g  in s tru m en t.
For a  decaying source
random (non-decaying) c o u n t- ra te  i s  t r i v i a l .  I f  the  observed
N = N e -Xto
Then the  number o f coun ts  in  an in te r v a l  T i s
K =
o
The number of observed counts in  th i s  in te r v a l  T i s
C = d t
1 + a  %
14a N0 e“XT
eXaC
No
K
App. I I  ( i i )
The dead, tim e c o rre c t io n  i s  g iven  by
K/C
AaCe___ -
AaC 1
-1
For a value o f AT =0.937 and sme.ll v a lu e s  o f AaC th e  dead 
tim e c o rre c t io n  approxim ates to :~
K/c = 1 + 1 .144x +0.655x^ (x  =Xa£)
APPENDIX III
x k^+1(ßr) k,(ax) dr
Evaluation of J k^+1(ßr) dr k|(ar) dr
= J x k (ßr) k^(ar) dr
o
Using the following standard recurrence formulae
kn_lM  = ^  + D) kn (r)
V i «  = ^  - D> kn «
where D = -r— we obtaindr
(B2 S^ li +1) kn(r) = 0
Prom (3)
V i (pr)
Therefore
where
r ^  ^  kt( r^)
(i±l A.) IT' ß “ dß' lli
ll = J k£(ßP) ^
which from (4)
k^(ar) l (1+1) J_ ^ 2
and
r  ki ^ r) TV D
k^  (ßr) dr
k^(ar) dr
App. Ill (ii)
From (8) and (9) 
rR
'I =(a2-ß2) H, = f o k^ (cur) D2;£(ßr) - k£(ßr) D2k^(ar)
i  —  -  -SL'j
~  ' ß dß'
a k£(ßR) ^^(aR) 
From equations (2), (3) and. (12),
a2-ß2
2a 6
^ 2  M 0*) k«_1 (f*) -
= J D k^ar) D kt(ßr) - k^ (ßr) D kt(cur)
= k£(aR) D k^ (ßR) - k^ (ßR) D k£ (aR)
Using equation (5)> equation (10) becomes
(a —ß ) — ß k£(aR £ |3R — &  ^ [1) k£^^ (oR)
Therefore
ß kt(aR) k^_1(ßR) -
^ f ^ k f_1(oE) kt(ßR) - ßR k^cffl) kt(ßR) + 
aR k^_1(aR) k^+1 (ßR)
(10)
(11)
(12)
(13)
App. I l l  ( i i i )
p u t t in g  x = dR and y = ßR
-R
x2-;/2 2 ^ 2  \  W V l(y) -  ^ 2  ki-1W k« (y )X -y
y kg(x) k^(y) + x k ^ C x )  k^+1 (y)
s im ila r ly
j \ ^ ( a r ) d r  = i  B. k^(x) -  k ^ C x )  k^+1(x)
and
= 4  R
* yj2
# t
ki +i (y) -  V y) * W y)
^  k£ (x) k£ -1 (y) -  V i (x) V y) '
y k t (x) k£ (y) + x k£ -1 (x) k£+1(y) ( -  ^ ä ) y
r
^ ( x )  -  k£ _1(x) k£+1(x) J j^k|+1(y) -
k£ (y) V 2(y) ] 5
(14)
(15)
( 16)
(17)
Boundary co n d itio n s  
i )  k^(x)=  0
T herefore
kt - / x) = - h ^ {x)
X
*
- 2x
x2-^2 fjä  V y) + V i(y) 
*
ke (y ) k£+2(y)
kL (y)
( 18)
(19)
App. Ill (iv)
Boundary conditions (cont.) 
ii) k^(x) = °» k^ +1(y) = 0
-4xy
(^-y2)2
(20)
iii) k^+i(y) = 0
An -2y-y2 ’--y2 « - Vx)
1
APPENDIX IV
HABMQNIC OSCILLATOR INTEGRALS
i )  N orm alis in g  I n t e g r a ls
1 = f 00 2 2J Y o ro
_ f ° °  m2 2A - r 2/ a 2 2I I f  r  e  ' r  c
0
=
a - ^ + 5 / 2 )  n4
w h e re  N^  = , ^ . 1 . 3  . . . .  2^+1 x-4- 2 2 2 '
ii Nx a - ( £ + 5 / 2 ) r *  e ^ ' 2 *
s im i la r ly
%
H  b - a + 5 / 2 )  J+1 -r 2/2b
V + 1  r e
in t e g r a t io n
V/ _ H v - t t+ 5 /2 )  J + 1  f 1+0£.2.  ^ - r 2/2 b 2 , 2 . '
fV + 1  b r  '-1 + v,2-'  6
4+1
b- t t +5 /2 )  r e+ i ( 1 + d ^
- r 2/2 b 2 / 2 . 2 s i
J 21+ 7 '
i i )  D eterm in a tio n  o f  c ,  d and f .
From th e  orth ogon a l p r o p e r t ie s  o f th e  e x c i t e d  s t a t e  wave 
fu n c t io n s
f i  h x  t e
App. IV (ii)
0 = HnN /°V+1 e- " 2/ ^ 2 r l+ \ ^ )  r2 dx
0
r 00 _2i+4 _ - r 2/ b 2c r 00 2£+6 - r 2 /b 2 . ,J  r  e 7 d r + / r  e
-% N? ,  b2e+7 + H2 , b2 i+ 5
b 2 1+2 1+ 1
N2 „ b 2e+5
4+1
,(2*+5). + ,
T h ere fo re
2Ä+5
similarly
= —
2e+5
4
(24+5)(24+7)
i i i )  O verlap In te g ra ls  Hg
■ t - J  V i % r  ^o  '
=
f 00.. .. 4+1 - r 2/2 b 2 1J  r  e 7 r  e
0
s M w r  24+4 - r 2/A2N-jNq I r  e 7 d r
0
where
it J L + JL
a2 b2
»2 / o «2
r^  d r
App. IV (iii)
JL
n, +1 N,  a' a + 3 /2 )  b"U +5/2) - r -  a2*+5 
U 1  1 n! + i
a %_ / ab\  -U +5/2)
'i+1N. - U 2
•«+5/2
s im ila r ly
*H
and
a JL+
2ab
a2+b2
2ab N 
a2+b2
«+5/2
«+5/2
V«+ 5/2 b2- a 2
b2+a2
W  (i+5/2)(e+7/2) ( 4 = 4
V b +a >
Therefore
W  a+5/ 2)( f t ? )
Hj/H^ i  a + 5 / 2 ) ( « + 7 / 2 ) f ^ | j  
H2ihV H1 = ^  U +5/2)(«+7/2) ----- («+'^T'^)y
b2- a 2
b2+a2
0
,v-
\
( i )
REFEEEHCES
Ar51 A ron, W .A., Hoffman, B.G. 
and  W illiam s , F .C .
A .E.C . . R e p o rt, 
Number 663 (1951)
Au59 A u ll ,  L .B ., R e in h a rd t, G.C. 
and W hitehead , W.B.
N u clea r P hys. 13.
292 (1959)
Ba55 B aker, R.G. and K atz , L. N u c leo n ics  11, J a n . 14
(1953)
Ba60 B arb e r, W.C. and V anhuyse, V .J . N u c lea r Phys. 16, 381
(1960)
Be54 Berman, A. I ,  and B ro m , K .L. P hys. Rev. 3 6 , 8J (1954)
Be58 B e n e d e l t i ,  S . and F in d la y , R.W. Hand, d e r  P hysik  45. 
222 (1958)
B152 B l a t t ,  J.M . and W eisskopf, V .F. " T h e o re t ic a l  N uclea r
P h y s ic s"  (John  W iley 
& S ons, I n c .  1952)
Bo59 Bormann, M. and N e u e r t,  H. Z. N a tu rfo rsch u n g  14A. 
922 (1959)
Br54 B ru eck n er, K.A. P hys. Rev. 3 6 , 508 (1954)
Br57 B rin k , D.M. N u c lea r  Phys. 4 ,  215
( 1957 )
Br59 Brovm, G.E. and B o l s t e r l i ,  M,» P hys. Rev. L t r s .  3.»
472 ( 1959)
Bu53 B u tle r ,  W.A. and Almy, G.M. Phys. Rev. 2 1 , 58 (1953)
Ca58 C arv e r, J .H . and T u rc h in e tz , W. P ro c . P hys. Soc. 71A, 
613 (1958)
Ca59 C arv er, J .H . and T u rc h in e tz , w . P ro c . Phys. Soc. 75A, 
69 (1959)
C a 5 9 a C arv er, J .H . and T u rc h in e tz , w . P ro c . Phys. Soc. 75A, 
585 (1959)
(ii)
Ca59b C arver, J .H . and T u rch in e tz , W. Proc. Phys. Soc. 75A« 
110 ( 1 9 5 9 )
C arver, J .H . ,  Edge, R.D. and 
Lokan, K.H.
P roc. Phys. Soc. 70A.
4 1 5  ( 1 9 5 7 )
Ca60 C arver, J .H . and P e a s le e , D.C. Phys. Rev. 120, 2155 
(1960)
Ch35 Chadwick, J .  and G oldhaber, M. P roc. Roy. Soc. A151.
4 7 9  ( 1 9 3 5 )
Co49 Cork, J .M ., K e lle r ,  H.B. and 
S toddard , A.E.
Phys. Rev. 76, 575 
(1949)
C051 C ourant, E.D. Phys. Rev. 82, 7^5
( 1 9 5 1 )
C055 Cork, J .M ., B ric e , M.K. and 
Schmid, L.C.
Phys. Rev. 22» 7®3 
( 1 9 5 5 )
C0 5 9 Cohen, S .G ., F is h e r ,  P .S . and 
W arburton, E.K.
Phys. Rev. L t r s .  _3,
4 3 3  ( 1 9 5 9 )
Co 60 Cohen, B.L. and P r ic e , R.E. N uclear Phys. 17. 
129 (i960)
Da51 Danos, M. and S te inw edel, H. Z. N aturforschung 6a,
217 (1951)
Da52 Danos, M. Ann. d. Phys. 10, 2 6 5
( 1 9 5 2 )
Da56 Dawson, W.K. Can. J .  Phys. 54. 1480
( 1 9 5 6 )
Da58 Danos, M. N uclear Phys. 23
(1958)
Du50 D u ffie ld , R .B ., H siao , L. and 
S lo th , E.N.
Phys. Rev. 22.» 1011L
( 1 9 5 0 )
Du53 DuMond, J.W .M ., Hoyt, H .C ., 
Marmier, P .E . and Murray, J . J .
Phys. Rev. 92, 202L
( 1 9 5 3 )
( i ix )
Du57 Dubey, V.S. and M andeville, C.E. B u ll, Am, Phys. S o c ,, 
S e r. I I ,  2 , 143 (1957)
Du59 D ular, J . ,  K ernel, G ., K regar, M., 
M ih a ilo v ic , M.V., P re g l, G ., 
R osina, M. and Zupancic, C.
N uclear Phys, 14. 131
( 1959)
E157 E l l i o t ,  J .P .  and Flow ers, B.H. P ro c . Roy. Soo. (London) 
A242, 57 (1957)
Er57 E rdos, P . , S c h e rre r , P. and 
S t o l l ,  P .
H elv, Phys, A cta 50.
639 ( 1957)
Ev55 Evans, R.D. "The Atomic Nucleus" 
(McGraw H il l  Book Coy., 
In c . 1955)
Pe55 Feenberg, E. " S h e ll Theory of the  
N ucleus" (P rin ce to n  
U n iv e rs ity  P re s s . 1955)
Pe57 F e rre ro , F . , Malvano, R. and 
T ribuno , C•
Nuovo Cimento 6, J&5L
( 1957)
Fu58 F u l le r ,  E.G. and W eiss, M.S. Phys. Rev. 112, 560
( 1958)
Ge59 Gemmell, D .S ., M orton, A.H. and 
T i t t e r to n ,  E.W.
N uclear Phys. 10, 33
( 1959)
Go48 G oldhaber, M. and T e l le r ,  E. Phys. Rev. ] £ ,  1046 
(1948)
Go54 Goldemberg, J .  and K atz, L. Phys. Rev. 25.» 471
C.t 4% V M b.L.
Gr59 Gove, H .E ., L ith e r la n d , A.E. 
and B a tch e lo r, R.
Phys. Rev. L tr s .  3.»
177 ( 1959)
Ha51 H alpern , J ,  and Mann, A.K. Phys. Rev. 8j>, 370
( 1951)
Hi47 H irz e l, 0 . and W affle r, H. H elv. Phys. Acta 20,
373 ( 1947)
. Phys. Rev. 32, 1184 (1953)Ho53 Hoffman, M.M. and Cameron, A.G.W,
( iv )
Ho 58 Hofmann, A. and S t o l l ,  P. H elv . Phys. A cta 51, 
591 (1958)
Je4Q Jensen , P. N a tu rw iss. 190
(1948)
Kh57 Khoklov, Iu .K . J • Exp. T h e o re tic a l 
Phys. 21, 124 (1957)
Ko55 Koch, H.W. P roc. Glasgow Conference
P155  ( 1 9 5 5 )
La55 Lane, A.M« and Wandel, C.F. Phys. Rev. 21, 1524L 
(1955)
La58 Lane, A.M, and Thomas, R.G. Revs. Modem Phys. 50. 
257 (1958)
La6l Lang, D.W. P r iv a te  communication
Le50 L evinger, J .S ,  and B ethe, H.A. Phys. Rev. J8_, 115 
(1950)
Le51 L evinger, J .S . Phys. Rev. 8£, 45 (1951)
Le55 L evinger, J .S . Phys. Rev. 21 122 (1955)
Li57 Livesey, D.L. Can. J .  Phys. 55. 987
( 1 9 5 7 )
L059 Lokan, K.H. P roc. Phys. Soc. 75A,
697  ( 19 5 9 )
Ma50 Maok, J .E . Rev. Modern Phys. 22, 
64 (1950)
Ma57 Mann, A .K ., Ophel, T.R. and 
W right, I .P .
B u ll. Am. Phys. Soc. 
2 , 181A (1957)
Me50 M etropo lis , N, and R e ilw iesn e r, G. U .S.A .E.C . Report 
UP-1980
Mi 5 9 M ille r ,  J . ,  Schuhl, C., Tamas, G. 
and Tzara, C.
Comp. Rend. 249, 2543
( 1 9 5 9 )
Mi 5 9a M ihailov ic , M.V., P re g l, G ., 
K ernel, G. and K regar, M.
Phys. Rev. 114, 1621
(1959)
(v)
Mo53 
Mo 58 
M06O
Na54
M59
Od.56
Ok58
Pa59
Po55
Ra57
R056
Se60
Si57
Sp5B
S t50
M o n ta lb e t t i ,  R . , K a tz , L and 
Goldem berg, J .
Phys. Rev. 21, 659 
(1953)
M ott, W.E. and S u tto n , R.B. Hand, d e r  P h y sik  ^ 8 , 
86 (1958)
M orinaga, H. and N a g a ta n i, K. N u c lea r P hys. ( to  he 
p u b lish e d )  ( r e p o r te d  
in  N u clea r D ata S h e e ts )
N ath an s, R. and H a lp e rn , J . Phys. Rev. 21, 457 
(1954)
N u c lea r D ata S h e e ts
O dain , A .C ., S te in ,  P .C .,  W atten­
b e rg , A ., F e ld , B .T . and 
W e in s te in , R.M.
P hys. Rev. 102, 837 
(1956)
O kanoto, K. Phys. Rev. 110, 145 
(1958)
P a rso n s , R.W. and K a tz , L. Can. J .  P hys. 57. 809 
(1959)
Poe, A .J . P h i l .  Mag. £ 6, 611 
(1955)
Rand, S. Phys. Rev. 107. 208 
(1957)
Rock, T .J . As re p o r te d  i n  r e f .  
S t58
Sew ard, F .D ., F u l t z ,  S .C .,  
J u p i t e r ,  C .P . and S h a fe r , R .E .
U .C .R .L . R ep o rt, 
Number 6177 ( i 9 6 0 )
S ie g e r t ,  A .J .F . Phys. Rev. _^2, 787
( 1937 )
S p ic e r ,  B .M ., T h ie s , H .H ., 
B a g lin , J .E .  and Allum , F .R .
A u s t r a l .  J .  P hys. 11. 
298 (1958)
S te in w e d e l, H. and- J e n se n , J .H .D . Z. N a tu rfo rsc h u n g  5a.
413 ( 1950 )
S tro m in g e r, D ., H o lla n d e r , J.M . 
and S eaborg , G.T.
Rev. Modem P hys. 50. 
585 (1958)
St58
(vi)
Su60 Sunyar, A.W. and Axel, P. Private communication 
(Submitted to Phys. Rev.)
Sz 34 Szilard, L. and Chalmers, T.A. Nature, Lond. 134. 
494 (1934)
T053 Toms, M.E. and Stephens, W.E. Phys. Rev. £2, 362 
(1953)
To 55 Toms, M.E* and Stephens, W.E. Phys. Rev. 98, 626 
(1955)
Wa58 Wapstra, A.H. Hand, der Physik 38, 
1 (1958)
Wa59 Wapstra, A.H., Nijgh, G.J. and 
Van Lieshout, R.
"Nuclear Spectroscopy 
Tables" (North Holland 
Publishing Company 1959)
We54 Weinstock, E.V. and H alpem, J. Phys. Rev. 94. 1651
(1954)
We 57 Weisskopf, V.F. Nuclear Phys. 3 .» 423
(1957)
Wi5 6 Wilkinson, P.H. Physica 22, 1039 (1956)
Wi57 Williams, I.R. and Johns, M.W. Nuovo cimento 6, 18
(1957)
Wi58 Wilkinson, D.H. Phil. Mag. jj, 567 
(1958)
Wo 60 Worth, D.C. and Haste, G.R. Rev. Sei. Ins. 31. 
169 (1960)
Wr59 Wright, I.F. Private communication
